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Abstract
The work contained herein focuses on the methodology and design of new
reactions for the production of stereoenriched compounds. The primary focus of research
discussed is kinetic resolution, a classic and powerful methodology for the separation of a
single enantiomer from a racemic mixture. In 2011, a silylation-based resolution
catalyzed by a chiral isothiourea produced synthetically useful selectivity factors for
mono-functional secondary alcohols. In chapter 2, this methodology was subsequently
expanded to include α-hydroxy lactones with selectivity factors up to 100. This study
resulted in the most selective reaction reported to date for the aforementioned silylationbased resolution. In addition to lactones, α-hydroxy lactams, amides and esters were
resolved with synthetically useful enantioselectivity. This is notably the first successful
non-enzymatic resolution of hydroxy lactams ever reported.
In an effort to remove chromatography completely from the kinetic resolution
process, an alternate polymer-supported version of the reaction was studied. The
successful use of polymer-bound triphenylsilyl chloride to eliminate chromatographic
purification steps is contained in Chapter 3. The polymer-supported reagent was utilized
to produce useful selectivities for the resolution of benzylic alcohols and α-hydroxy
lactones. The polymer-bound silyl source was also successfully recycled without loss in
enantioselectivity.
In Chapter 4, our attempts to elucidate the mechanism of the kinetic resolution via
reaction progress kinetic analysis will be demonstrated. Preliminary results of this
iv

investigation suggest the reaction is very sensitive to silyl chloride concentration. This
finding suggests a more complex reaction than our previous hypothesis. Additionally, a
stereoenriched silyl chloride was tested in the silylation reaction. The overall inversion of
stereochemistry observed in these experiments does not support our previously proposed
double inversion mechanism. Results of the kinetic studies and chiral probe reactions will
be utilized to propose a plausible mechanistic cycle for the silylation reaction.
Finally, research to expand silylation-based resolutions to include an asymmetric
borane Lewis acid catalyzed silicon-oxygen coupling will be highlighted. A variety of
stereogenic at silicon silanes were prepared and tested in the reaction. The low
diastereoselectivity of these reactions does not support the ability to affect resolution of
racemic alcohols via this method. The reaction was further complicated by reactivity that
appeared substrate-dependent. The results of the silicon-oxygen coupling kinetic
resolution of substrates to include secondary alcohols and propargylic alcohols will be
discussed in Chapter 5.
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Chapter 1 Foundations and Current Outlook of Enantioselective
Methodologies
1.1. Introduction and Scope
Stereochemistry and asymmetry is ubiquitous in chemistry. The primary focus
herein is the development of novel methods for the production of stereochemically
interesting and relevant classes of organic molecules. The information introduced in this
section will provide important terminology as well as provide the driving force for
subsequent research contained within.

1.2. Chirality and its Implications to Biology
Chirality is derived from the Greek word for “hand” and refers to the easily
observed body part.1 An ordinary person’s hands are three dimensional and lack any form
of symmetry. As a result, the hand is asymmetric. Moreover, holding a mirror up to a
person’s left hand would result in the appearance of a right hand in the mirror. The right
and left hands are mirror images of one another, but the two cannot be superimposed
upon each other. This phenomenon is also possible when molecules are asymmetric. The
principle concern for the research herein will focus almost exclusively on molecules with
tetrahedral geometry, although asymmetry can occur in other geometries. It is relatively
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simple to envision an asymmetric, tetrahedral molecule by placing four different
substituents on a single carbon. This asymmetric carbon-center is also termed a
stereocenter at carbon. This asymmetric molecule possesses the same properties
demonstrated by the pair of hands vide supra. These two mirror image molecules are
specifically termed enantiomers2 (Figure 1.1). A pair of enantiomers exhibits the same
physical properties: boiling point, solubility, melting point, etc. This attribute presents a
daunting challenge to separate a pair of racemates, a 50:50 mixture of enantiomers.

Figure 1.1 A Simple Pair of Enantiomers

Fortunately for life on earth, nature has developed a method for selectively
preparing and utilizing chiral molecules in a single enantiomer or unichiral form. Life as
we know it would not be possible without this ability, and much chemical and even
philosophical debate exists to determine the origins of this selectivity. For example nature
has, selected L-amino acids and D-sugars for unknown reasons. As a direct consequence,
a racemic mixture of chiral, small molecules from natural and artificial sources can have
differing effects on biological function.3 Since biologically active or therapeutic agents
are often chiral compounds, this difference in biological function may require the agent
be prepared in single enantiomer form. An example of differing activities in biological
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systems is D- and L-asparagine. The D-enantiomer of this amino acid is sweet; the
natural L enantiomer has no taste4 (Figure 1.2).

Figure 1.2 Differing Biological Activities of Asparagine Enantiomers

The example of D- and L-Asparagine was the first discovery of enantioselectivity
at a human biological receptor.5-6 This difference in physiological activity can be
exploited when a chiral molecule is utilized as a therapeutic agent.7 Often, one
enantiomer of a drug will have the ideal biological affect, whereas the other enantiomer
will have no or lower activity or worse, toxic activity.8 For example, S-naproxen, sold
under the trade name Aleve, is sold as a single enantiomer, because R-naproxen is less
active and causes significant liver damage.9 Due to the potential differences in
physiological activity, a drug for sale in the American market is thus regulated by the
FDA in order to avoid disastrous side effects.10 These regulations require the minor
enantiomer be rigorously tested to verify the stereoisomer is inert, before it can be sold as
a racemic mixture. Moreover, the level of enantiopurity must be maintained for samples
used in vitro through clinical trials and eventual marketing. Obviously, the multi-billion
dollar per year pharmacy industry relies heavily on a number of methods to prepare
enantiomers in high and consistent enantiomeric excess.11 In the year 2000, 15% of the
pharmaceutical market consisted of chiral drugs and 80% of the developing drugs were
3

chiral. Thus, the drive to develop newer and more efficient methods of producing chiral
molecules as a single stereoisomer is lucrative and vital to drug development.
As a result of this importance, the analysis of the stereochemical makeup of nonracemic mixtures is vital. The term enantiomeric excess (ee) is frequently used as an
expression for the level of enantioenrichment (Equation 1.1). The ee is a useful value
since it is directly related to optical rotation, itself a historically common and important
physical property of non-racemic mixtures. The recent advent of other methods of
analyzing non-racemic mixtures and the added complexity of ee in subsequent
calculations12 has caused enantiomeric ratio (e.r.) to be preferred, however. The
enantiomeric ratio is simply the ratio of each enantiomer in the total mixture.

Equation 1.1

1.3. Methods of Obtaining Enantiopure Molecules
1.3.1.

Enantioenriched Compounds from Natural Sources

For centuries man has inadvertently utilized enantiomerically enriched small
molecules for the treatment of a variety of ailments. A classic example from history is the
extractions from the bark of the Cinchona trees local to South America. These crude
extractions were originally believed to be cures for a variety of fevers. After the advent of
more advanced science, the enantiomerically pure alkaloid quinine was proven to possess
antimalarial activity.3
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There are, however, several disadvantages that make natural sources for bioactive
compounds unfeasible. The number, quantity and variety of bioactive compounds that
exist in nature are limited. The natural products produced by the plant are designed for a
specific purpose within the plant itself. The bioactivity in the human body is merely a
coincidence, and these compounds are not designed for a specific pharmaceutical
application. Additionally, the methods for obtaining these compounds from nature often
rely on crude extractions and require large amounts of the natural source. These problems
have led to increased cost and undo stress on natural resources. A classic example is the
anti-cancer compound Taxol13 (Figure 1.3). Demand for Taxol lead to the near extinction
of the Pacific yew tree from which the compound is extracted from the bark. The process
of obtaining the bark kills the tree. Luckily, the development of manmade synthetic
approaches14-16 saved the trees from extinction and was reproduced on industrial scale by
Bristol-Myers Squibb. This example highlights the need to develop synthetic methods to
produce compounds in single enantiomer form as opposed to dependency upon nature. In
a response to this need, organic chemists have developed a variety of such
methodologies.

Figure 1.3 Anti-Cancer Natural Product Taxol

5

1.3.2. Classical Resolution
One of the oldest synthetic approaches to enantioenriched molecules is the
classical resolution, which is the separation of enantiomers usually through a
crystallization event. These chemical resolutions typically rely on a chiral,
enantioenriched auxiliary to generate diastereomers from racemic mixtures. Chemical
resolutions are not the most effective method as they rely on an enantiopure auxiliary in a
stoichiometric ratio and can only achieve a 50% theoretical yield. Also, this method relies
on a significant difference in properties of the newly formed diastereomeric products,
such as solubility of one of the diastereomers. These physical properties are not
predictable and if they are not significantly different poor separation will result. Readily
available L-tartrate is a common carboxylic acid found in nature and is commonly
employed as a chiral auxiliary in classical resolutions through the formation of
diastereomeric salts by protonating racemic amines. In the below example,17 the racemic
amine, 1-phenylethylamine, is reacted with the enantiopure carboxylic acid via a
Brønsted acid-base reaction (Scheme 1.1). The resulting diastereomeric salts exhibit
different solubilities in methanol resulting in the selective precipitation of one
diastereomeric salt. The precipitate is isolated, and after a work-up with aqueous NaOH,
the desired enriched amine is obtained.

6

Scheme 1.1 Resolution of (S)-Phenylethylamine via the L-Tartrate salt

1.3.3.

Chromatographic Resolution

It is possible to chromatographically separate a mixture of enantiomers.2 For most
stationary phases, a polar stationary phase (silica) is coated with a chiral, enriched
material such as a cyclodextrin. The racemic mixture to be resolved is dissolved in a nonpolar mobile phase. The interaction of the racemic mixture with the enriched stationary
phase induces different in retention times between the stereoisomers. This method has the
distinct advantage of obtaining both stereoisomers as a single enantiomer after the
separation. It is also the modern method of determining the enantiomeric purity of nonracemic compounds. Despite the advantages, the overall cost of this method including
cost of stationary phases and solvents limits its application. The scale of chromatographic
separation is also limited. Most HPLC columns can only effectively separate enantiomers
up to the gram scale. Thus, this costly method when utilized on pharmaceutical industrial
scale is not feasible.

7

1.3.4.

Asymmetric Catalysis

Due to the disadvantages of the aforementioned methods, chemists have
developed more direct synthetic routes to enantioenriched compounds. In this way, a
stereochemically enriched compound is synthesized outright as opposed to the above
separation techniques. One of most direct methods is asymmetric catalysis, whereby a
single enantiomer is selectively formed from an achiral starting material. Such starting
materials are prochiral and can typically be made into a tetrahedral stereocenter in a
single step through preferential attack on one face of the molecule, termed either Re or
Si. A basic example of this methodology is the asymmetric reduction of a prochiral
ketone. The Corey-Bakshi-Shibata (CBS) reduction18 of acetophenone (Scheme 1.2) is
highly selective and produces the enantioenriched secondary alcohol with very high
enantiomeric ratios (98.5:1.5).

Scheme 1.2 The CBS Asymmetric Reduction of Acetophenone

Another important example of asymmetric reaction of a prochiral molecule is the
aldol reaction developed by Denmark (Scheme 1.3).19 The reaction uses a silyl enol ether
as the nucleophile bearing a trichlorosilyl group and an aldehyde bearing no α-protons
such as benzaldehyde. The reaction is performed at -78 ºC in dichloromethane. Two

8

chiral phosphoramide catalysts coordinate with the silicon thus activating it via Lewisbase activation and generating a hexavalent silicon center.20 The aldol is proposed to
proceed through a 6-membered, chair-like transition state (Scheme 1.3). In this
mechanism, the Re face attack of the aldehyde is preferred in a 93.5:6.5 ratio.
Interestingly, less electrophilic silyl groups led to reduced selectivity presumably due to
changes in coordination of the silicon during the reaction.

Scheme 1.3 Phosphoramide Catalyzed Asymmetric Aldol Reaction

Another more specific form of asymmetric catalysis involves desymmetrization of
a meso molecule.21-22 A meso molecule is a diastereomer which as a result of symmetry is
achiral; these molecules also have at least diastereomer that is chiral. This method is
mentioned here due to the relation to subsequent research contained in this work. Often,
meso compounds can be converted into enantiomerically enriched compounds in a single
step. One excellent example is the desymmetrization of meso diols.21,

9

23

The reaction

developed by Oriyama selectively acylates one of the alcohols in the presence of the
chiral diamine catalyst24 1.1 (Scheme 1.4) thus generating a chiral, enantioenriched
molecule. The level of optical purity is controlled by the acylation ratio of the two
alcohols as opposed to the facial discrimination discussed previously. The reaction is not
trivial since the benzoyl acyl group is stable to harsh conditions, thus the stereocenter can
be maintained while the non-protected alcohol is modified permanently. This method is
not to be confused with kinetic resolutions, to be discussed below, just because it is based
on the derivatization of alcohols. It is an example of asymmetric catalysis and is reported
as such.

Scheme 1.4 Organocatalyzed Desymmetrization of Meso Diols

Unfortunately, the level of enantioenrichment in all of these methods remains
constant throughout the reaction and is dependent upon, in the case of the CBS reduction,
the ratio of Re to Si face attack by the borane. The asymmetric catalysis must be reoptimized in order to achieve the desired enantiomeric ratio. This reoptimization includes
changes to reaction temperature, catalyst or reagents. This leads to additional cost and
delays in production. The reaction may even be abandoned for another method if the
level of enrichment does not meet requirements for the e.r. of the product after
reoptimization.
10

1.3.5.

Kinetic Resolution and Related Methods

The final method is yet another example of resolution of a racemic mixture.25 This
methodology is distinctly different from the aforementioned classical resolution using
chiral auxiliaries. In these resolutions, one enantiomer is transformed to an entirely
different functional group, leaving the other enantiomer alone. The now transformed
enantiomer has different physical properties and can be separated from the unreacted
starting material via column chromatography, distillation, or another physical method.
Generally, the reactions are stopped around 50-60% conversion in order to maximize the
yield of the enriched, unreacted starting material. Highly efficient resolutions can provide
both products and starting materials in enantioenriched form; however, most resolutions
target the remaining starting material for isolation. This is due in part to the fact that the
e.r. of products generally decrease with increasing conversion, while the e.r. of the
starting material increases with conversion. Less efficient kinetic resolutions targeting the
enantioenriched products achieve very little conversion and low isolated yields. A kinetic
resolution, as the name suggests, proceeds under kinetic control. A significant difference
in energy must exist between the transition states (ΔΔG‡) of the two enantiomers in
efficient resolutions (Figure 1.4).26 This is usually accomplished upon action of an
enantioenriched catalyst or reagent to generate diastereomeric transition states. Since
these reactions are performed under kinetic control, it is advantageous to maintain cool
temperatures; therefore, reaction temperatures ranging from 0 to -78 ºC are common.
Unlike asymmetric reactions, the efficiency of a resolution is impossible to
determine based on enantiomeric ratios, since the enantioenrichment of the unreacted
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starting material is directly dependent upon conversion. Therefore, a different parameter,
selectivity factor (s), is used for the purpose of quantifying the efficiency of kinetic
resolutions. A selectivity factor is essentially the relative rate of the two enantiomers
(kfast/kslow, see Equation 1.2). 26 The selectivity factor is related directly to the difference
in energies of the diastereomeric transition states and determined by analyzing both
enantiomeric excess of the starting material and product (eeSM and eeP, respectively).
With these values determined, the fraction conversion (conv, Equation 1.3) can be
obtained. The s-factor can then be obtained from the ee of the starting material and
fraction conversion (Equation 1.4). In a perfectly effective resolution, the slower reacting
enantiomer is slow enough to prevent conversion resulting in an s-value of infinity, but
examples of nearly perfect resolutions (s> 1000) are extraordinarily rare.26 In reality,
kinetic resolutions vary in their ability to resolve enantiomers. Generally, a resolution is
considered efficient in synthetic applications if s ≥ 10.

Figure 1.4 Dependency of krel on the Transition State Energy Differences (Reprinted
with Permission of Publisher)26
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Equation 1.2

Equation 1.3

Equation 1.4
An excellent example of a kinetic resolution is the enantioselective derivatization
of a racemic alcohol with a protecting group. Alcohols are more polar than the protected
alcohol. Resultantly, the products are readily separable from the unreacted starting
material via column chromatography. The protecting group can be removed in a nonstereoselective fashion post separation so as to isolate both the enriched starting material
and product.
The primary disadvantage of kinetic resolution is the limitation of yield; the
starting material can only be isolated in a maximum of 50% yield under ideal conditions
if the starting material is a racemic mixture. This drawback is somewhat alleviated by the
fact that high levels of enantioenrichment can be obtained simply by controlling
conversion. Even if the reaction is not very selective (s = 5), enantioenriched material can
be obtained (e.r.: 99:1) from a racemic starting material by driving the reaction to higher
conversion to 75% (Equation 1.5). As long as s-factor is known for a resolution, the
conversion needed to achieve a desired enrichment level can be calculated using the
starting material e.r. (Smino : Smajo; 50:50 for racemic mixtures) and desired e.r. for the
major and minor enantiomer (Smin and Smaj), respectively.27
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Equation 1.5
Other related methods to kinetic resolutions exist, but all still rely on the basic
kinetics discussed previously. These methods include: dynamic kinetic resolutions,
parallel kinetic resolutions, and regiodivergent kinetic resolutions. In a dynamic kinetic
resolution (DKR),28 the starting material must be racemizable under the reaction
conditions. The efficiency is still related to selectivity factor; however, the relative rate of
enantiomers corresponds to the e.r. of the products. If the racemization occurs faster than
the stereoselective transformation, a yield of up to 100% is possible. As a result, a DKR
type resolution is more similar to asymmetric catalysis, and the enantiomeric ratio of
products and yields are consequently reported. Alternatively in a parallel kinetic
resolution29 (PKR) both enantiomers undergo a transformation to a different product at
similar rates. The theoretical maximum yield is 50%, but the enrichment level of products
is independent of conversion. The final example is the regiodivergent resolution30 of
racemic mixtures. This resolution is similar to the PKR; two parallel pathways to product
occur simultaneously. In this process, two separate regioisomers are formed from each
enantiomer upon action of a chiral catalyst or reagent. Like the PKR the regiodivergent
resolution has a maximum yield of 50% and the enantioenrichment is independent of
reaction conversion. All of these related transformations do not conform to the selectivity
factor calculations mentioned previously for the classical kinetic resolution.26 As
discussed the drawback of these resolutions is the same level of enantioenrichment is

14

maintained throughout the reaction, eliminating the opportunity to increase enrichment
by furthering reaction progress.
1.4. Organocatalyzed Resolutions
Over the last one hundred years, numerous kinetic resolutions have been
developed to generate stereochemically challenging products.25-26, 30 Therefore, the broad
field of this method is beyond the scope of this document. However, due to the types of
novel resolutions reported herein, a review of the most relevant asymmetric reactions is
required. A variety of metal or enzymatically catalyzed reactions are very successful, but
many of these approaches will not be discussed in great detail. In an attempt to narrow
the scope, the reactions below will generally be limited to organocatalysis. An
organocatalyzed reaction can be characterized as a reaction facilitated by purely organic,
small-molecules. Most of these catalysts function through the donation of electrons or
protons. Thus, all reactions catalyzed in this way are either Brønsted or Lewis acid-base
reactions. These general reactions have led to asymmetric reactions for a plethora of
functional groups.
Small-molecule catalysts offer several advantages over transition metal and
enzyme catalysts. Transition metals can be very expensive. Additionally, these transition
metals must be ligated with chiral organic molecules in order to achieve stereoinduction.
Metals are also toxic and often difficult to remove from the desired product. This is of
particular concern where human consumption of the product is expected, and therefore,
regulated.31-32 Enzymes, on the other hand, are typically very efficient and typically
require environmentally friendly alcoholic or aqueous solvents.33-34 However, these
biocatalysts are frequently too selective for a particular substrate class, functional group
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or specific molecule.35 Attempts to make enzymatic resolutions and reactions more
general are frequently unsuccessful. Conversely, organic molecules are relatively easy to
synthesize, moisture insensitive and are inexpensive.36-37 These positives help to alleviate
the negative aspect of the larger catalyst loadings common to organocatalyzed reactions
as compared to metal catalyzed reactions. As a result of these advantages, organic
molecule induced reactions have become routine synthetic processes in industrial
applications.31 In corollary to this, the introduction will focus primarily on smallmolecule catalyzed resolutions of secondary alcohols.
While a variety of structures and functional groups can be resolved via resolutions
this review will focus on the resolutions of secondary alcohols an important class of
molecules for various pharmaceutical applications. Chiral secondary alcohols are
important building blocks and intermediates for pharmaceuticals. For example, the single
enantiomer alcohol 1.2 can be utilized as a starting material to generate the cholesterol
lowering aminophosphate (Scheme 1.5).38 Note the only stereogenic center of this
bioactive compound is at the alcohol functionalized carbon.

Scheme 1.5 A Simple Chiral Alcohol as a Building Block for a Bioactive Agent

Kinetic resolutions of alcohols have benefited from the relatively recent
renaissance in small-molecule catalysis. The organocatalyzed acyl transfer reactions are
16

of particular interest to subsequent investigations. Several successful methods exist
including reactions catalyzed by chiral amines,23-24 (dialkylamino)pyridines (DMAP),39
N-heterocyclic carbenes,40

phosphines,41-42 and isothioureas,43-45 among others. The

investigations into asymmetric acylation of secondary alcohols by Lewis base catalysis:
i.e. chiral DMAP and isothiourea catalysts are of particular interest in regards to the
subsequent research to be discussed.
Nearly all chiral amine, phosphorus or pyridine derivatives form a covalent bond
with the acylating derivatizing agent thus activating these nascent species for attack by an
alcohol.19 An excellent example of this is Vedejs’ chiral DMAP pyridinium 1.2 which is
formed from a chiral pyridine and a chloroformate.39 The chloride is displaced upon
reaction with the Lewis basic pyridine. These chiral pyridiniums are acyl sources in the
presence of super stoichiometric quantities of Lewis acid (ZnCl2 or MgBr2) and a
stoichiometric quantity of tertiary amine base to control HCl byproduct. The reaction is
sluggish at room temperature with only modest conversions achieved. The methodology
produces resolves benzylic alcohols and allylic alcohols with excellent s-factors ranging
from 11-53. For example the benzylic alcohol 1-naphthylethanol is resolved with a
selectivity factor of 44 albeit with low conversion of only 28% (Scheme 1.6). The major
drawback to this approach is the stoichiometric quantity the chiral acylation source. This
disadvantage has led to significant research in acylation reactions that are catalytic with
respect to the source of chirality.
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Scheme 1.6 Chiral Pyridiniums for the Resolution of Alcohols

The bicyclic phosphine catalysts developed by Vedejs were some of the first
organocatalysts for the asymmetric, catalytic acylation of secondary alcohols.42 This
kinetic resolution is most selective with isobutyric anhydride as the acyl source in
relatively non-polar solvents such as heptane or toluene at cold temperatures (-20 to -40
ºC). The original study produced some of the highest selectivity factors for an
organocatalyzed resolution. Simple benzylic alcohols were resolved with s-factors
ranging from 22 to an incredible 370 for the sterically demanding 1-mesitylethanol. This
method has also resolved allylic alcohols using catalyst 1.3 and similar conditions to
those shown in Scheme 1.7.41
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Scheme 1.7 Vedejs’ Bicyclic Phosphine Catalyzed Kinetic Resolution

The pyridine derivative DMAP is an excellent acyl-transfer catalyst as
demonstrated in the above reactive pyridiniums (Figure 1.5). This molecule readily forms
an active acyl species not only from acid chlorides but from acid anhydrides as well.
However, DMAP is a planar molecule, thus it possesses two planes of symmetry without
appendages like those in Vedejs’ pyridiniums. A symmetrical molecule with two planes
of symmetry cannot induce a selective asymmetric reaction. This problem was solved by
Fu and coworkers. By installing a pyrindine derivative onto FeCpCl or FeCp*Cl (Note
Cp is cyclopentadiene; Cp* is the pentaphenlycylcopentadiene ligand) an asymmetric and
stable catalyst is produced (±-1.4).46 This produces a racemic mixture which can be
enriched via HPLC chromatography on chiral stationary phase or classical resolution.
The catalysts developed by Fu47 have successfully resolved a variety of secondary
alcohols including allylic48, propargylic49, and benzylic alcohols50 (Scheme 1.8). Note
that the iron center does not serve as a reactive site in these reactions. Thus, these
19

reactions are more accurately described as organocatalyzed despite containing a transition
metal. The catalyst 1.4 acylates all three of the aforementioned alcohol classes with
excellent selectivities. Additionally, these catalysts facilitate other reactions such as the
enantioselective formation of esters from ketenes,51 among others.

Scheme 1.8 Fu’s Acylation-Based Kinetic Resolution

Another excellent example of an acylation-based kinetic resolution is the
isothiourea catalyzed acylation of secondary alcohols developed by Birman. The most
efficient catalyst was found to be benzotetramisole (1.5)43 (Scheme 1.9). The reaction
utilized acetic acid anhydride as the acyl source and proceeded under relatively mild
conditions (0 ºC in chloroform). This system represents a highly selective
organocatalyzed resolutions, and it achieves synthetically useful selectivities for simple
benzylic alcohols,43 propargylic alcohols,52 and 2-arylcyclohexanols.44 The methodology
was also extended to include the dynamic kinetic resolution of azlactones.45
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Scheme 1.9 Birman’s Isothiourea Catalyzed Acylation-Based Kinetic Resolution

1.5. Silylation-Based Resolution Methods for the Preparation of Non-Racemic
Alcohols
The silyl ether protecting group is arguably the most frequently utilized protecting
group for synthetic applications. Some advantages of the silyl ether include tenability,
mild installment conditions and orthogonal protection and deprotection.53 The silylated
alcohol can usually be selectively deprotected with mild tertrabutylammonium fluoride
(TBAF) in minutes depending on specific silyl group. Despite these advantages, until 10
years ago no examples of asymmetric silylation existed. A silyl group can be installed on
an alcohol using a variety of methods including catalysis by Lewis acids and Lewis bases
or transition metals.
Asymmetric dehydrogenative silicon-oxygen couplings have been successfully
employed in kinetic resolutions. These reactions utilized a stereogenic at silicon chiral
derivatizing reagent.54 The reaction is catalyzed by an inexpensive copper catalyst in low
catalyst loadings (5 mol %) and in the presence of a phosphine ligand (Scheme 1.10).
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Synthetically useful selectivities were only achieved whenever a donating pyridine group
was part of the alcohol substrate, which offered two-point binding on the metal catalyst.
The only disadvantages to the system are the preparation of the enriched silane and the
limited substrate scope.55-56 An alternate method using chiral taddol-based ligands and
achiral silanes was developed,57 and similar selectivities were observed for donor
functionalized alcohols like those shown in Scheme 1.10.

Scheme 1.10 Chiral Silanes for the Kinetic Resolution of Secondary Alcohols

Racemic diols have also been resolved via a silylation-based kinetic resolution
employing a unique amino acid- based catalyst 1.6 in the reaction.58 The bi-functional
catalyst was presumed to activate the silyl chloride (tert-butyldimethylsilyl chloride) via
the Lewis basic imidazole site. The diol was then oriented via hydrogen bonding, to
achieve excellent selectivities (Scheme 1.11). The reaction is also regioselective, with
silylation predominately occurring on the less sterically encumbered alcohol. The amino
acid-based catalyst 1.6 effectively catalyzes the desymmetrization of diols59 and 1,2,3triols.60 Unfortunately, the reaction required long reaction times, around 72 h at -50 ºC.
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This drawback was recently solved by adding a more nucleophilic co-catalyst61 as the
Lewis base activator. The rate was accelerated affording complete reaction in a fraction
of the time. This study demonstrated that the originally proposed intramolecular
activation was inaccurate; therefore, it is likely the reaction is activated and directed by
two separate molecules of 1.6.

Scheme 1.11 Silylation-Based Kinetic Resolution of Diols

Another enantioselective silylation is the regiodivergent kinetic resolution of
racemic mixture reported by Tan.62 Recall this reaction is a form of parallel kinetic
resolution where two enantioselective pathways occur simultaneously (See section 1.3.5).
In this case, the parallel pathways are the silylation of the primary alcohol versus the
secondary alcohol in the presence of 1.7, a bi-functional catalyst (Scheme 1.12). Both
regioselective reactions occurred with excellent and opposite enantioselectivity achieving
an e.r. of 91:9 for the silylation of the primary alcohol and 98.5:1.5 for the secondary
alcohol. This reaction is particularly different from other approaches that rely solely on
transition metal of Lewis base activation of a derivatizing reagent. The bi-functional
catalyst 1.7 can form a covalent reversible bond to the alcohol via the imidazole ring to
form intermediate 1.8. This catalyst-substrate binding63 allows for excellent regioselectivity. The internal imidazole then activates the silyl source for enantioselective and
regio-selective protection.
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Scheme 1.12 Tan’s Regiodivergent Kinetic Resolution

All of the previous examples of silylation-based kinetic resolutions have been
dependent upon a catalyst-substrate two point binding mechanism in order to achieve
enantioselective protection. For example, Oestreich’s kinetic resolutions (Scheme 1.10)
require a donating pyridine group on the substrate. The donating group allows for a more
stable transition state64 and efficient transfer of chiral information from the enriched
silane to the substrate (Figure 1.5). Selecting a single enantiomer for silylation in an
alcohol which lacks additional functionality is a significant challenge. This system and
many others cannot overcome this problem.
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Figure 1.5 Two-Point Binding in a Silylation-Based Resolution Developed by
Oestreich

Ishikawa demonstrated a moderately selective kinetic resolution of a monofunctional alcohol catalyzed by chiral guanidine 1.9 (Scheme 1.13).65 The bulky silyl
source triisopropylsilyl chloride required six days of reaction time, obtaining a
conversion of 21%, based upon isolated yield. Additionally, a stoichiometric quantity of
catalyst was needed due to its Brønsted basic guanidine functionality. The selectivity was
poor with an estimated s = 4.5 using the yield and enantiomeric excess of the recovered
alcohol. While this example is obviously not synthetically viable, the reaction has
inspired other silylation-based approaches to the kinetic resolution of simple benzylic
alcohols.

Scheme 1.13 Silylation-Based Kinetic Resolution of Indanol Developed by Ishikawa

Fortunately, a successful silylation-based resolution of these challenging benzylic
alcohols has been reported by Wiskur66 (Scheme 1.14). A variety of cyclic, benzylic
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secondary alcohols were resolved with selectivity factors ranging from 5-25. The most
selective substrate was thiochromanol which was resolved to an e.r. of 94:6 and had a
selectivity factor of 25. Notably, indanol was also resolved obtaining the highest
selectivity (s = 8.5) for that substrate in an organocatalyzed kinetic resolution. The
method was particularly advantageous since all of the reagents were commercially
available. Additionally, levamisole 1.10 is a very inexpensive pharmaceutical67 with
veterinary applications that has been utilized in acylations43 as a Lewis base catalyst. The
bulky base, diisopropylisopentylamine (iPr2NCHEt2), removes the HCl byproduct formed
during the reaction. The method has several limitations, however. Acyclic alcohols were
significantly less selective (s = 14 for cyclic alcohol α-tetralol vs s = 6 for 1-phenyl-2methylpropanol), and sterically large groups in the 2-position failed to form silyl ethers.

Scheme 1.14 Isothiourea Catalyzed Silylation-Based Resolution Developed by
Wiskur
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Since this seminal report, the levamisole-triphenylsilyl chloride methodology has
successfully been employed in a one-pot ee polishing sequence27 (Scheme 1.15).
Tetralone was reduced asymmetrically using the CBS-borane reduction.18 The borane
was decomposed with methanol and dried under vacuum. The crude, partially enriched
alcohol (92.5:7.5 e.r.) was then further enriched via the silylation-based kinetic resolution
to an e.r. of 98:2 with an overall yield of 68%. The primary advantages were the
avoidance of chromatography until after the silylation and achieving high levels of
enantioenrichment not possible in the asymmetric reduction. Additionally, the
disadvantageous 50% maximum yield inherent to kinetic resolutions of racemic
compounds is overcome in these reactions. Thus, the tandem use of an asymmetric
reaction and a kinetic resolution is quite powerful.

Scheme 1.15 One-Pot Enantiomeric Excess Polishing Sequence of Tetralol

1.6. Conclusions and Outlook
The isothiourea catalyzed silylation-based kinetic resolution at this time was very
limited in substrate scope and utility. As a result, research presented here has focused
significantly on the expansion of the substrate scope to include molecular structures other
than secondary benzylic alcohols. Mechanistic investigations into the origins of
selectivity and transition state structure will be paramount to these investigations as well.
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Initial studies focused primarily on expanding the structures capable of being
resolved by the triphenylsilylchloride-isothiourea methodology. In chapter two, the
testing of α-hydroxy carbonyl compounds in the silylation-based kinetic resolution will
be described.68 Successes and conclusions about the general structures capable of being
resolved using the methodology will be made. In the third chapter, the methodology was
expanded to include a homogenous polymer solid support as the silyl source. The
advantages of such a system will be highlighted and hypotheses about future directions
for polymer-based methods will be made. Mechanistic investigations into the silylation
based reaction will be discussed in detail in chapter four. This will include a review of
previous mechanistic studies: catalyst-isothiourea NMR and linear free energy
relationship (LFER) studies.69 The combination of this knowledge and subsequent kinetic
data will attempt to propose a plausible mechanism for the asymmetric silylation. Finally,
the use of borane Lewis acid catalysts for asymmetric silicon-oxygen couplings will be
discussed. Particular focus will be on the transfer of chiral information from stereogenic
at silicon compounds to racemic secondary alcohols.
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Chapter 2

Silylation-Based Kinetic Resolution of α-Hydroxy Lactones
and Lactams

2.1. Introduction and Scope
Herein, substrate scope expansion of the silylation-based kinetic resolution
developed in the Wiskur laboratory beyond the previously discovered mono-functional
alcohol class of compounds1 will be discussed. The use of silicon in asymmetric reactions
is an emerging field. As discussed in Chapter 1, the use of silicon-based reagents for the
production of chiral secondary alcohols was previously limited to asymmetric
hydrosilylation of a prochiral ketone.2-4 An alternate and powerful method to produce
enantioenriched secondary alcohols is the kinetic resolution of racemic alcohols,5-7 but
relatively few examples of silylation-based kinetic resolutions have been explored,8-9
despite the many synthetic advantages (tunable reactivity, ease of protection, and
selective deprotection).10 The substrates that have been targeted with enantioselective
silylation thus far include diols,11-13 1,2,3-triols,14 pyridyl substituted alcohols,15-18 simple
alcohols,19 and β-hydroxy esters.20 Recently, the Wiskur group reported a synthetically
useful silylation-based kinetic resolution of secondary cyclic alcohols (Scheme 2.3).1
This methodology utilizes the chiral isothiourea levamisole (1.10) as a chiral Lewis base
to activate triphenylsilyl chloride.21 Moderate to high selectivity factors (s up to 25) were
obtained for a variety of mono-functional, cyclic, secondary alcohols. Unfortunately,

36

when acyclic secondary alcohols such as 1-phenylethanol were attempted nearly all
selectivity was lost. Note: reprinted with permission from Clark, R.W.; Deaton, T.M.;
Zhang, Y.; Moore, M.I.;Wiskur, S.L. Org. Lett. 2013, 15, 6132. Copyright 2013
American Chemical Society.

Scheme 2.1 Silylation-Based Resolutions of Cyclic 2 Benzylic Alcohols and
Potential Application to Hydroxy Lactones

In order to expand the substrate scope of our silylation-based kinetic resolution,
we concluded that a successful substrate class would possess many of the same
topologies as cyclic benzylic alcohols: a relatively planar substrate with a pi system
adjacent to the alcohol. We hypothesized α-hydroxy lactones or lactams could be
amenable to resolution based on the position of the carbonyl and inherit conformational
rigidity (Scheme 2.1).
Enantiomerically pure α-hydroxy lactones and lactams are highly desirable chiral
building blocks for the synthesis of biologically active compounds22-25 and natural
products26 and have been used as chiral auxiliaries in a variety of reactions.27 While a
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number of asymmetric synthetic methods27-30 have been developed to produce these
compounds, including enzymatic kinetic resolutions,31-32 until recently there has been
very little work with non-enzymatic kinetic resolutions of these substrates. Currently,
there are two examples of non-enzymatic kinetic resolutions of lactones which include a
copper catalyzed carbamoylation33 and an isothiourea catalyzed acylation.34
The acyl-transfer kinetic resolution of these lactones utilized reaction conditions
similar to those developed by Birman35 (Scheme 2.2) by employing benzotetramisole
(1.5) as the acylating catalyst. One major difference between this resolution and previous
benzotetramisole catalyzed acylations is the acyl source.36-37 The reaction conditions in
this case form a mixed anhydride in situ from pivalic anhydride (Piv2O) and
diphenylacetic acid. The reaction was most useful for lactones possessing sterically large
groups in the β-position. Pantolactone (2.1), for example, was resolved with a selectivity
factor of 384. Very impressive selectivities up to 1000 were obtained using this anhydride
at ambient temperatures for twelve examples.

Scheme 2.2 Kinetic Resolution of α-Hydroxy Lactones by Acyl Transfer
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The asymmetric carbamoylation resolution developed by Okhuma was also highly
selective when employing Cu (II) catalysts bearing chiral bis(oxazoline) ligands (Scheme
2.3). The most efficient kinetic resolutions were observed with catalyst 2.2 and propyl
isocyanate as the isocyanate source. The resolution of pantolactone was achieved with
50% conversion in 1 hour at 0 ºC in dichloromethane. An impressive selectivity factor of
95 was observed for pantolactone 2.1 and selectivities into the 200s were obtained for
lactones possessing sterically demanding groups in the β-position. However, attempts to
resolve structurally related lactams were less successful, only achieving an s-factor of up
to 3.

Scheme 2.3 Copper Catalyzed Asymmetric Carbamoylation of Pantolactone

To the best of our knowledge, a successful non-enzymatic resolution of αhydroxy lactams remains unreported. In this chapter, the expansion of the substrates
employed in silylation-based kinetic resolutions to include α-hydroxy lactones and
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lactams, as well as a few amides and esters is discussed.38 The method employs
commercially available reagents to resolve a variety of synthetically useful substrates and
achieves selectivity factors39 up to 100.

2.2. Initial Investigations and Optimization
Initially, reaction conditions were developed using commercially available
pantolactone (2.1) as the model substrate. Conditions similar to our previous work were
employed, with the exception of a change in the base from diisopropyl-3-pentyl amine to
Hünig’s base because of the limited availability of the former. When catalysts 1.10 and
(-)-benzotetramisole35 (1.5) were tested, little to no conversion was observed (Table 2.1,
Entries 1 and 2). When the reaction was warmed from -78 to -40 °C using 1.5 as the
catalyst, only minor amounts of product formed, but some selectivity was achieved
(Entry 3). Utilizing catalyst 1.5, the concentration was almost tripled which led to an
increase in conversion to about 40% and an impressive selectivity factor of 28 (Entry 4).
In an attempt to increase the conversion further, the catalyst loading was increased to 25
mol%, resulting in a slight increase in conversion to 52% and a selectivity factor of 36
(Entry 5). After observing the significant effect of isothiourea structure on conversion,
two additional catalysts were synthesized40 and utilized in the kinetic resolution. When
catalysts 1.10, 2.3, and 2.4 were employed under similar conditions to Entry 5, the
resolutions failed to achieve conversions above 10% (Entries 6-8). Warming the reaction
to 0ºC in presence of 2.4 also failed to produce appreciable quantities of silyl ether
product. Therefore, catalyst 1.5 and the conditions in Table 2.1 Entry 5 were chosen for
subsequent studies.
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Table 2.1 Reaction Optimization Conditions for Pantolactone

a
d

Concentration with respect to substrate. bSee ref.41 cReaction was run at -40 °C.
Reaction was run at 0 ºC.

An investigation into the effect of different silyl groups, solvents, and bases
revealed that the previously determined conditions were still the optimum choice
(triphenylsilyl chloride, THF, and Hünig’s base). As was seen previously, the phenyl
groups on the silyl chloride play a critical role in effecting the selectivity of the reaction
(Table 2.2, Entries 2 and 3 versus Entry 1). When silyl chlorides were employed that
contained fewer or no phenyl groups, the selectivity of the reaction dramatically
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decreased from 36 to 2.9 and 4.6 for diphenylmethyl and phenyldimethylsilyl chloride,
respectively. When a silyl source containing no aryl groups, triethylsilyl chloride, was
employed very little silyl ether was formed with a low selectivity factor as well (Entry 4).
Table 2.2 Alternating the Silyl Source for the Kinetic Resolution

a

See ref. 41. bConversion determined by 1H NMR.

Alternative bases to iPr2NEt were next investigated (Yan Zhang). Triethylamine
produced the most comparable results to Hunig’s base over the range of bases tested
(Table 2.3, Entry 1 and 2) with only a slight decrease in conversion observed for the
former. More sterically demanding bases triisobutylamine, and tribenzylamine resulted in
a decrease in product formation (Table 2.3 Entry 3 and 4). Employing tributylamine
resulted in similar conversions as compared to Hunig’s base albeit with a significant
decrease in selectivity (Entry 5). It was also demonstrated that the base is vital for
conversion; experiments ran without base resulted in little to no silyl ether formation
(Entry 6).
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Table 2.3 Exploring the Effect of Base on Selectivity

a

See ref. 41. bConversion determined by 1H NMR.

Next attention was focused on solvents other than THF, the solvent found to be
optimal for benzylic alcohols1 (Yan Zhang). The solvents dichloromethane, DMF, DME,
and toluene provided high conversions, but selectivity factors were significantly
decreased compared to THF (s: 7, 2, 5 and, 10 respectively; Table 2.4; Note DMF and
DME were ran at -40 ºC due to the high melting point of these solvents). Interestingly,
toluene and dichloromethane resulted in improved conversion (Entries 2 and 5). A few
mixed solvent systems were thus explored. A 10% CH2Cl2 solution in THF produced a
higher conversion to the detriment of selectivity as compared to THF (Entry 6). When
reactions employing 5 and 10% toluene in THF were tested a similar increase in
conversion was observed; however, the selectivity when compared to pure THF was
again slightly decreased (Entries 7 and 8). Employing the optimal conditions (Table 2.1,
Entry 5) on a preparative scale kinetic resolution of 2.1 showed similar results to the
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smaller scale runs. Over a gram of alcohol was tested in the kinetic resolution, and a
selectivity factor of 28 was observed with 50% conversion. This reaction had only a
minor reduction in selectivity (Table 2.1, Entry 5; s = 36) and demonstrated the
applicability of the reaction to preparatory scale synthesis.

Table 2.4 Testing the Effect of Solvent on Selectivity

a

See ref. 41.

2.3. Synthesis of Hydroxy Lactones
With the optimized reaction conditions obtained from the resolution of 2.1, the
substrate scope was explored. We wanted to explore the effect of the steric bulk at the βposition, therefore a variety of lactones possessing sterically hindered groups in the βposition were synthesized.42 Several lactones with varying β,β-substitution including β,βdiethyl and β-spirocyclic lactones derivatized with five and six-membered rings were
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prepared utilizing the method outlined in Scheme 2.4. First, furandiones of the general
structure 2.6 were prepared via a four step synthesis in one pot. The pyruvate derivative
2.5 is obtained from degradation of the Claisen adduct of diethyloxalate and an aldehyde
formed upon sodium methoxide catalysis. An aldol reaction with formaldehyde followed
by cyclization affords the desired diketones 2.6 in modest yield after vacuum distillation.
Subsequently, the desired α-hydroxy lactones were obtained after sodium borohydride
reduction at -78 ºC in order to control rates of over-reduction.

Scheme 2.4 Synthesis of β,β-Disubstituted Hydroxy Lactones

The preparation of six-membered ring lactones cannot be achieved from the
approach highlighted in Scheme 2.4. Alternatively, the α-hydroxy lactone was obtained
more directly from α-oxidation of the corresponding lactone (Scheme 2.5). The enolate of
starting material 2.7 is formed using lithium hexamethyldisilizane (LHMDS) as the base.
This base is needed because the oxidant, Davis’ oxaziridine (2.8), is reactive with other
more common bases used for this purpose such as lithium diisopropylamine.43 The
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oxidation with 2.8 afforded the desired lactone in modest yield from β,β-dimethyl lactone
2.7. More general oxidants, such as m-chloroperoxybenzoic acid44 (MCPBA) cannot be
utilized with lactones since its nucleophilic nature facilitates ring opening. Unfortunately,
numerous attempts to oxidize valerolactone, the same lactone as 2.7 but lacking beta
substitution, were unsuccessful.

Scheme 2.5 Davis’ Oxidation of β,β-Dimethyl Valerolactone

The study of 5-membered ring lactones possessing disubstitution in the gamma
position was also of interest. This class of compounds presented a significant challenge,
and very few methods of production were available. An interesting carbonyl-ene reaction
was attempted45 (Scheme 2.6). Gratifyingly, reaction of glyoxylic acid with 1,1diphenylethene under sulfuric acid catalysis afforded the desired lactone in good yield. In
this reaction, the alkene attacks the activated aldehyde prompting cyclization via bond
formation between the nascent carbocation and carboxylic acid.
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Scheme 2.6 Carbonyl-Ene Reaction Route to a γ, γ -Substituted Lactone

A bicyclic α-hydroxy lactone was prepared via a hetero Diels-Alder reaction.
Freshly prepared cyclopentadiene was reacted with the aldehyde of the glyoxylic acid
electrophile in a pressure vessel with water as the solvent (Scheme 2.7). The Diels-Alder
adduct 2.9 is not stable and rapidly undergoes a carbocation-forming rearrangement to a
diastereomeric mixture of lactones under the reaction conditions. The diastereomers were
successfully separated by column chromatography. The major, cis product was utilized in
the kinetic resolution since the sterics in the β-position are cis to the alcohol, essentially
providing more sterics than the trans isomer.

Scheme 2.7 Hetero Diels-Alder Preparation of Bicyclic Lactones
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2.4. Examining the Lactones in the Silylation-Based Kinetic Resolution
With a variety of lactones prepared for study the substrate scope was next tested
using the previously optimized conditions (Table 2.5). When the commercially available
α-hydroxy-γ-butyrolactone was investigated a significant decrease in selectivity was
observed (Entryl 1). This led us to hypothesize that sterically large groups in the βposition are highly important to selectivity. As predicted, changing the β,β-dimethyl
group in 2.1 to a larger β,β-diethyl group resulted in a dramatic increase in selectivity to
an s of 100 (Table 2.5, Entry 3). This result is the highest selectivity factor obtained to
date for the triphenyl silylation-based kinetic resolution of secondary alcohols.1, 46 Spiro
cyclic lactones (Table 2.5, Entries 4 and 5) were also resolved with a high degree of
selectivity. The cyclohexane substituted spiro lactone (Entry 5) was more selective than
the cyclopentane substituted one (Entry 4), presumably due to the increased sterics of the
six membered ring. The fused bicyclic lactone was also explored with moderate
selectivity (Entry 6). Interestingly, when the lactone was substituted in the γ-position with
sterically large phenyl groups (Table 2.5, Entry 7) nearly all selectivity was lost. Finally,
when the β,β-disubstituted lactone ring was expanded from a 5 to a 6 membered ring
(Entry 8) the substrate became too sterically hindered and no conversion was obtained.
Unfortunately, the corresponding unsubstituted 6-membered ring lactone, obtained
commercially, decomposed under the reaction conditions and therefore could not be
examined (Entry 9). This decomposition presumably could explain the failed synthetic
attempts for this substrate using the method shown in Scheme 2.5.
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Table 2.5 Substrate Scope of the Silylation-Based Kinetic Resolution of α-Hydroxy
Lactones

a

See ref. 41. bConversion determined by 1H NMR.
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2.5. Synthesis of Hydroxy Lactams
In order to examine α-hydroxy lactams they needed to be synthesized. The
simplest approach for 5-membered ring lactams is amidation and cyclization of the
lactones prepared previously. The microwave was utilized since the irradiation affords a
faster dehydration and cyclization reaction as compared to conventional approaches. Naryl substituted lactams could thus be prepared in one step from the corresponding
lactone and an aryl amine47 (Scheme 2.8). In most cases, the lactam was formed in 10
minutes under 75W constant microwave irradiation with catalytic quantities (0.1 equiv.)
of p-tolylsulfuric acid. The lactams were obtained in excellent yields using more
electron-rich anilines and good to moderate with aniline as the amine source. When an
aryl amine possessing an electron withdrawing bromine was prepared in a similar fashion
significantly lower yields were obtained with additional reaction time.
Hydroxy lactams with rings larger than five members are difficult to prepare
using the approach shown in Scheme 2.8. However, these lactams can be prepared from
direct oxidation of the enolate in a similar fashion to the Davis’ oxidation of lactones
(Scheme 2.9). However, the lactams generally require stronger oxidizing reagents than
Vedejs’48 or Davis’ reagent.43 In our approach, the enolate is formed via deprotonation
with LDA and oxidized with oxygen gas. The reaction yields an α-organic peroxide
which is reduced with Na2SO3 to the desired alcohol upon work-up. As with any organic
peroxide, care was taken not to allow the unstable intermediate to warm above 0 ºC.
Although the yield was low, this method offers a simple approach to 6-membered ring
hydroxy lactams.
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Scheme 2.8 Microwave Assisted Synthesis of Lactams from Lactones with Aryl
Amines

Scheme 2.9 Direct Oxidation Route to Hydroxy Lactams

2.6. Testing the Lactams in the Silylation-Based Kinetic Resolution
The lactams were universally less selective than their lactone counterparts.
Unfortunately, complete loss of enantioselectivity was observed for the N-phenyl lactam
with no substituents in the β-position (Table 2.6, Entry 1). Even though amides are
known to catalyze silylation reactions,10 no product was detected when the reaction was
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run with the same unsubstituted substrate in the absence of catalyst 1.5. This shows that
the lack of selectivity is not due to an uncontrolled background reaction.
Table 2.6 Scope of the Silylation-Based Kinetic Resolution of α-Hydroxy Lactams

a

See ref. 41. bConversion determined by 1H NMR. cReaction
performed with 0.75 equiv of Ph3SiCl and iPr2NEt.
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Similarly to the lactones, increasing sterics in the β-position of the lactams
increased the selectivity. As the substituents were changed from methyl to ethyl to a 6membered spiro ring (Table 2.6, Entries 2, 6, and 7), the selectivity factors increased
from 14 to 20 to 24 respectively. However, the reactions became sluggish as the sterics
increased in the β-position; therefore, more equivalents of silyl chloride and base were
employed to force higher conversions (Entry 7). The effect of electronics on the N-aryl
group was investigated by substituting electron donating (methyl, methoxy) and an
electron withdrawing group (bromo) in the para position (Table 2.6, Entries 3-5).
Surprisingly, a decrease in selectivity was observed for both electron withdrawing and
electron donating substituents. The selectivity factor for electron donating groups
dropped by a factor of 2, while electron withdrawing groups decreased the selectivity
factor even further (s = 7.1, 6.8, and 3.3, respectively).
As shown in Table 2.5 (Entry 3 versus 7), the reaction is sensitive to the position
of sterics on the substrates. Substituents in the β-position are advantageous to selectivity,
whereas sterics in the γ-position are detrimental. The N-aryl group49-50 on the lactams also
seems to alter the selectivity of the reaction resulting in a decrease in enantiodiscrimination as compared to the lactone counterparts. Presumably, this is the result of a
change in sterics on the substrates due to the phenyl group rotating out of the lactam
plane to form a carbonyl-π interaction (Scheme 2.10).50 The interaction would be more
pronounced with the bromo substituted phenyl group, resulting in the low selectivity
observed.
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Scheme 2.10 Proposed Carbonyl-π Interaction of N-Aryl Lactams

2.7. Synthesis of Amides and Esters
In order to determine the triphenylsilyl chloride-based resolutions efficiency on
acyclic substrates, a variety of amides and esters were synthesized. A benzyl ester was
prepared employing simple esterification of lactic acid 2.9 (Scheme 2.11). First, the
cesium salt was isolated upon deprotonation with cesium carbonate and work-up. The salt
was then reacted with benzyl bromide in dimethylformamide (DMF) at room temperature
to yield the benzyl ester from a nucleophilic substitution in excellent yield.

Scheme 2.11 Synthesis of a Benzyl Ester from Lactic Acid

The preparation of amides was much more general (Scheme 2.12) and used a
similar approach to that utilized for lactams (Scheme 2.8). The α-hydroxy amides were
obtained via microwave assisted and acid catalyzed amidation. Reaction of an α-hydroxy
acid and aniline after microwave irradiation at 75 W for 10 minutes afforded desired
products in excellent yields in all cases utilizing this approach.
54

Scheme 2.12 Synthesis of Hydroxy Amides

2.8. Testing Amides and Esters in the Silylation-Based Resolution
Acyclic esters and amides were also explored employing the previously
developed standard reaction conditions (Table 2.7). Previously, acyclic substrates, such
as 1-phenylethanol, were slow to silylate and displayed no enantio-discrimination.1 The
N-phenyl amides and O-phenyl and O-benzyl ester in Table 4 did show a small amount of
selectivity with decent conversions. The small improvement of the amides over previous
acyclic substrates is presumably due to the high energy barrier of rotation around the
nitrogen-carbon bond providing some degree of planarity.51 The amides showed no
sensitivity to substituents next to the alcohol (Entries 1-3), but were slightly more
selective than the esters (Entries 4 and 5). This is probably the result of the increased
barrier of rotation for the amides versus the esters.
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Table 2.7 Scope of the Silylation Kinetic Resolution of Amides and Esters

a

See ref 41.

2.9. Conclusions and Outlook
In conclusion, silylation-based kinetic resolutions have been expanded to include
synthetically valuable α-hydroxy carbonyl compounds employing an isothiourea catalyst
and commercially available reagents. This is one of the few non-enzymatic kinetic
resolutions of α-hydroxy lactones and the first non-enzymatic kinetic resolution of αhydroxy lactams. Selectivity factors up to 100 were obtained by including sterically
demanding groups adjacent to the alcohol. Spirocenter containing lactones and lactams
were efficiently resolved under these conditions. It was discovered that sterics elsewhere
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on the ring proved detrimental, and acyclic amides and esters were tolerated in this
system although with limited selectivity.
Future investigations to make the methodology more synthetically viable are
paramount. Application of the reaction at temperatures closer to ambient temperature
would be beneficial to practical applications on large scale. Lactones that have been
demonstrated to be highly selective (s > 30; i.e. Table 2.5, Entries 2, 3, and 5) could be
tested in the reaction at higher temperatures. The selectivities of these reactions would
undoubtedly be lower but may be synthetically useful at higher temperatures at -40 ºC or
room temperature. These studies should test one substrate to demonstrate the maximum
temperature at which an s-factor greater than ten can be achieved.
Additional substrate scope expansion studies have been accomplished (Li Wang)
The general core structures investigated in this chapter have provided critical guidance to
further expand the substrate scope of the silylation-based kinetic resolution. Recently, 2arylcyclohexanols were successfully resolved using similar conditions to those employed
for α-hydroxy lactones.46 These substrates are undoubtedly selective in this methodology
as a result of the conformationally rigid cyclohexane featuring a π-system in close
proximity to the alcohol (Scheme 2.3).

Scheme 2.13 Silylation-Based Resolution of 2-Arylcylcohexanols
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Understanding the mechanism involved in the transfer of chirality from
isothiourea to alcohol is inevitably required to fully understand and evaluate the future
directions of this methodology. Further studies to elucidate the mechanism have been
done including a linear free energy relationship (LFER) study52 (Ravish Akhani). These
mechanistic investigations have directly impacted the application of the triphenylsilyl
chloride based resolution. For instance, the LFER study indicated electron-donating
groups on the phenyl rings of the silylsource have a significant, favorable effect on
selectivity. Therefore, these modified triarylsilyl chlorides were utilized to resolve 2arylclohexanols (Scheme 2.13).46 This substrate class would otherwise be much less
easily resolved by the triphenylsilyl chloride-based method due to lower selectivities.
Insights into the mechanism will provide new and interesting directions for the kinetic
resolution. Further work included mechanistic study through the use of a kinetic
evaluation using in situ analytical techniques. Results of these kinetic studies and other
mechanistic investigations into silylation-based kinetic resolutions will be discussed in
Chapter 4.

2.10.

Experimental

Racemic Lactone and Lactam Syntheses
Pantolactone was purchased from TCI and recrystallized from ether and hexanes prior to
use. α-Hydroxy-γ-butyrolactone was purchased from Acros and used without further
purification.

Phenyl-2-hydroxypropanoate53

and

(±)-4-endo-hydroxy-2-

oxabicyclo[3.3.0]oct-7-en-3-one54 can be prepared from known literature procedures.
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4,4-Diethyl-3-hydroxydihydrofuran-2(3H)-one55
To a 50 mL round bottom flask was added 4,4-diethyl-4,5-dihydrofuran-2,3-dione42 (1.1
g, 7.0 mmol) and the flask was equipped with a stir bar. The solid was dissolved in 10
mL of methanol with stirring, then cooled to -78 C in a dry ice/acetone bath for 15 mins.
Sodium borohydride (132 mg, 3.5 mmol) was added in portions. The progress of the
reaction was monitored by TLC. After 30 mins, conversion was complete and the
reaction was quenched with a saturated aqueous NH4Cl solution (2 mL) and allowed to
warm to room temperature for 30 mins. The contents of the flask were transferred to a
separatory funnel and diluted with ether. Water was added to dissolve the precipitate and
the aqueous layer was extracted with ether (4 x 25 mL) and combined. The organic layers
were washed with brine and dried over sodium sulfate. Filtration and concentration
yielded an oil which was further purified on silica gel column chromatography (25%
EtOAc in hexanes) to afford the hydroxy lactone as a white solid, 710 mg, 64 % yield. 1H
NMR: (400 MHz, CDCl3) δ 4.22 (s, 1 H), 4.16 (d, J = 9.3 Hz, 1 H), 3.87 (d, J = 9.3, 1 H),
1.67-1.39 (m, 4 H), 0.99 (t, J = 7.5 Hz, 3 H), 0.91 (t, J = 7.5 Hz , 3 H).

13

C NMR (101

MHz, CDCl3) δ 178.3, 74.7, 73.1, 46.6, 28.1, 21.4, 8.5, 8.0.

2-Oxaspiro[4.5]decane-3,4-dione
An oven dried 250 mL round bottom flask was fitted with stir bar and septum and purged
with argon. Sodium methoxide in methanol (5.9 mL, 5.4 M) was added via syringe. The
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solution was then cooled to 0 C in an ice bath for 15 mins. Diethyl oxalate (4.3 mL, 32
mmol) was added via syringe followed by cyclohexane carboxaldehyde (4.7 mL, 38.4
mmol) slowly via syringe. The resulting mixture was allowed to warm to ambient
temperature with stirring for 1 h. The mixture was warmed to 40 C in a sand bath and an
aqueous solution of formaldehyde (3.12 g, 37% w/w) was added. The resulting mixture
was left to stir at 40 C for 1 h. Upon cooling to room temperature, 3.5 g of a 40%
aqueous sodium hydroxide solution was added and the mixture was allowed to stir an
additional hour. Finally, 6.4 mL of concentrated HCl was added and the mixture was left
to stir for 1 h producing salt as a precipitate. The salt was filtered away and the resulting
aqueous mixture was concentrated via rotovap to remove methanol. The resulting
biphasic mixture was diluted with 50 mL of EtOAc and transferred to a separatory
funnel. The aqueous layer was extracted with EtOAc (3 x 50 mL) and the combined
organic layers were washed with brine. Further drying over sodium sulfate, filtration and
concentration yielded a yellow oil. This oil was fractionally distilled under reduced
pressure with the product distilling at 85 C, 4 mm Hg. The resulting oil rapidly solidified
to produce an oily white solid. Further purification by recrystallization (ether and
hexanes) afforded the desired product as white crystals, 1.23 g, 22.9 % yield mp range =
67-69 C. 1H NMR: (400 MHz, CDCl3) δ ppm 4.53 (s, 1H), 1.84-1.80 (m, 2H), 1.74-1.62
(m, 5H), 1.49-1.31 (m, 3H).

13

C NMR (101 MHz, CDCl3) δ ppm 197.6, 160.9, 75.1,

45.5, 31.2, 24.6, 21.4. IR (neat, cm-) 2934, 2860, 1774, 1449, 1299, 1228, 1115, 993,
973, 898, 820, 740. HRMS (ESI) calculated for (C9H12O3+) (M+): 168.0780, Observed:
168.0782.
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4-Hydroxy-2-oxaspiro[4.5]decan-3-one
To a 50 mL round bottom flask was added 2-oxaspiro[4.5]decane-3,4-dione (1.23 g, 7.3
mmol) and the flask was equipped with a stir bar. The solid was dissolved in 10 mL of
methanol with stirring then cooled to -78 C in a dry ice/acetone bath for 15 mins.
Sodium borohydride (140 mg, 3.7 mmol) was added in portions. The progress of the
reaction was monitored by TLC. After 30 mins conversion was complete and the reaction
was quenched with a saturated aqueous NH4Cl solution (2 mL) and allowed to warm to
room temperature for 30 mins. The contents of the flask were transferred to a separatory
funnel and diluted with ether. Water was added to dissolve the precipitate and the
aqueous layer was extracted with ether (4 x 25 mL) and combined. The organic layer was
washed with brine and dried over sodium sulfate. Filtration and concentration yielded an
oil which was further purified on silica gel column chromatography (25% EtOAc in
hexanes) to afford the hydroxy lactone as a white solid, 573 mg, 46.2% yield, mp range =
57-58 C. 1H NMR: (400 MHz, CDCl3) δ ppm 4.34 (d, J = 9.2, 1H), 4.09 (d, J = 3.6,
1H), 3.89 (dd, J = 1.4, 7.8, 1H), 2.82 (d, J = 3.8, 1H), 1.74-1.57 (m, 6H), 1.44-1.20 (m,
4H). 13C NMR (101 MHz, CDCl3) δ ppm 177.7, 75.7, 73.6, 44.1, 33.7, 25.8, 25.3, 22.9,
21.7. IR (neat, cm-) 3417, 2930, 2853, 1771, 1455, 1161, 1108, 1001, 980, 933, 850, 730.
HRMS (ESI) calculated for (C9H14O3+) (M+): 170.0937, Observed: 170.0944.
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2-Oxaspiro[4.4]nonane-3,4-dione
An oven dried 250 mL round bottom flask was fitted with a stir bar and septum and
purged with argon. Sodium methoxide in methanol (6.2 mL, 5.4 M) was added via
syringe. The solution was then cooled to 0 C in an ice bath for 15 mins. Diethyl oxalate
(4.5 mL, 33 mmol) was added via syringe followed by cyclopentane carboxaldehyde (4.4
mL, 40 mmol) slowly via syringe. The resulting mixture was allowed to warm to ambient
temperature with stirring for 1 h. The mixture was warmed to 40 C in a sand bath and an
aqueous solution of formaldehyde (3.2 g, 37% w/w) was added. The resulting mixture
was left to stir at 40 C for 1 h. Upon cooling to room temperature, 3.6 g of a 40%
aqueous sodium hydroxide solution was added and the mixture was allowed to stir an
additional hour. Finally, 6.6 mL of concentrated HCl was added and the mixture was left
to stir for 1 h producing salt as a precipitate. The salt was filtered away and the resulting
aqueous mixture was concentrated via rotovap to remove methanol. The resulting
biphasic mixture was diluted with 50 mL of EtOAc and transferred to a separatory
funnel. The aqueous layer was extracted with EtOAc (3 x 50 mL) and the combined
organic layers were washed with brine. Further drying over sodium sulfate, filtration and
concentration yielded a yellow oil. This oil was fractionally distilled under reduced
pressure with the product distilling at 155 C, 4 mm Hg. The resulting oil rapidly
solidified to produce an oily white solid. Further purification by recrystallization (ether
and hexanes) afforded the desired product as white crystals, 1.56 g, 25% yield, mp range
54-55 C. 1H NMR: (400 MHz, CDCl3) δ ppm 4.55 (s, 2H), 2.09-1.75 (m, 8H).
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C

NMR (101 MHz, CDCl3) δ ppm 198.0, 160.7, 76.7, 52.8, 36.5, 25.8. IR (neat, cm-) 2966,
2872, 1779, 1768, 1446, 1386, 1322, 1266, 1110, 991, 931, 889. HRMS (ESI) calculated
for (C8H10O3+) (M+): 154.0624, Observed: 154.0624.

4-Hydroxy-2-oxaspiro[4.4]nonan-3-one
To a 50 mL round bottom flask was added 2-oxaspiro[4.4]nonane-3,4-dione (1.5 g, 10
mmol) and the flask was equipped with a stir bar. The solid was dissolved in 10 mL of
methanol with stirring then cooled to -78 C in a dry ice acetone bath for 15 mins.
Sodium borohydride (190 mg, 5.0 mmol) was added in portions. The progress of the
reaction was monitored by TLC. After 30 mins of reaction time conversion was complete
and the reaction was quenched with a saturated aqueous NH4Cl solution (2 mL) and
allowed to warm to room temperature for 30 mins. The contents of the flask were
transferred to a separatory funnel and diluted with ether. Water was added to dissolve the
precipitate and the aqueous layer was extracted with ether (4 x 25 mL) and combined.
The organic layer was washed with brine and dried over sodium sulfate. Filtration and
concentration yielded an oil which was further purified on silica gel column
chromatography (25% EtOAc in hexanes) to afford the hydroxyl lactone as a white solid,
1.57 g, 25% mp range = 70-72 ºC. 1H NMR: (400 MHz, CDCl3) δ ppm 4.32 (s, 1 H),
4.13 (d, J = 8.8 Hz, 1 H), 4.03 (dd, J = 7.8, 1.0 Hz, 1 H), 3.43 (br, 1 H), 2.05-1.58 (m, 7
H), 1.46-1.39 (m, 1 H).

13

C NMR: (101 MHz, CDCl3) δ ppm 177.9, 76.1, 73.6, 51.6,

33.6, 29.1, 25.0, 24.9. IR (neat, cm-) 3378, 2951, 2868, 1759, 1426, 1287, 1199, 1131,
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1095, 988, 873, 722. HRMS (ESI) calculated for (C8H12O3) (M+): 156.0780, Observed:
156.0780.

3-Hydroxy-4,4-dimethyltetrahydro-2H-pyran-2-one
A 250 mL schlenk flask was fitted with a stir bar and a septum and purged with argon.
Into this flask, bis(trimethylsilyl)amine (0.95 mL, 4.5 mmol) was added via syringe and
dissolved in 15 mL of THF. The solution was cooled to -78 C in a dry ice acetone bath.
nBuLi in hexanes (1.9 mL, 4.5 mmol) was added drop wise via syringe, then the mixture
was left to stir for 1 h. A solution of 5-hydroxy-3,3-dimethylpentanoic acid lactone56 (374
mg, 2.9 mmol) was prepared in 20 mL of THF under argon and the resulting solution
added slowly via syringe to the reaction vessel. The reaction was allowed to proceed at 78 C for 15 mins then warmed to 0 C in an ice bath over 1 h. The reaction mixture was
again cooled to -78 C. A solution of Davis’ oxaziridine57 (1.1 g, 3.8 mmol) was prepared
under argon in 20 mL of THF and added to the reaction slowly via syringe. The reaction
was stirred at -78 C for 1 h then warmed to -40 C in a dry ice/acetonitrile bath over a 2
h period. The reaction was quenched with 36 mL of a 1 M aqueous NH4Cl solution, and
the mixture was left to warm to ambient temperature. The resulting biphasic mixture was
transferred to a separatory funnel and diluted with ether (50 mL). The aqueous layer was
extracted with ether (4 x 25 mL) and the organic layers combined. The ethereal mixture
was then washed with brine, dried over sodium sulfate and filtered. Concentration of the
crude gave an oily white solid. The crude was purified on silica gel column
chromatography (10% EtOAc in hexanes gradient to 30% EtOAc in hexanes gradient to
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50% EtOAc in hexanes) affording the product with oxaziridine decomposition products.
The impurities were removed via trituration with a hot 1:1 ether: hexanes solution, and
the insoluble Davis’ degradation products filtered away. Concentration of the filtrate gave
the desired product with only minor impurities as a colorless oil, 240 mg, 57% yield. 1H
NMR: (400 MHz, CDCl3) δ ppm 4.37 (dd, J = 5.9, 1.0, 2H), 4.01 (s, 1H) 1.97-1.90 (m,
1H), 1.84-1.77 (m, 1H), 1.21 (s, 3H), 1.02 (s, 3H). 13C NMR (101 MHz, CDCl3) δ ppm
175.2, 75.0, 65.9, 36.3, 34.6, 27.7, 21.1. IR (neat, cm-) 3478, 2960, 1731, 1469, 1258,
1162, 1108, 1066, 996, 883, 755. HRMS (M+) calculated for (C7H12O3+) (M+): 144.0780,
Observed: 144.0776.

3-Hydroxy-5,5-diphenyldihydrofuran-2(3H)-one
A 50 mL round bottom flask was equipped with stir bar and charged with 6 mL of ether.
Glyoxylic acid monohydrate (920 mg, 10 mmol) was added and the mixture stirred
vigorously to produce a suspension. Concentrated sulfuric acid (1.1 mL, 20 mmol) was
added resulting in immediate solvation of the monohydrate. 1,1-Diphenylethene (3.5 mL,
20 mmol) was added drop wise via syringe and the mixture was left to stir at ambient
temperature for 8 h. The reaction was quenched by adding 30 mL of a saturated aqueous
sodium bicarbonate solution and the biphasic mixture was transferred to a separatory
funnel. The aqueous layer was extracted with EtOAc (3 x 25 mL), and the resulting
organic layers were combined and dried over sodium sulfate. After filtration and
concentration, the crude was subjected to silica gel chromatography (10% EtOAc in
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hexanes gradient to 40% EtOAc in hexanes) to afford the product as a white solid, 1.3 g,
52 %, mp range = 90 – 93 C. 1H NMR: (400 MHz, CDCl3) δ ppm 7.42-7.24 (m, 10H),
4.49 (t, J = 8.7, 1H), 3.47 (dd, J = 7.8, 4.8, 1H), 3.26 (br, 1H), 2.77 (dd, J = 11.3, 1.2,
1H). 13C NMR (101 MHz, CDCl3) δ ppm 176.7, 143.0, 141.7, 128.8, 128.5, 128.2, 128.1,
125.3, 125.2, 86.7, 68.3, 43.3. IR (neat, cm-) 3472, 1770, 1493, 1448, 1288, 1226, 1206,
1124, 961, 938, 751, 696. HRMS (ESI) calculated for (C16H14O3+) (M+): 254.0937,
Observed: 254.0941.

3-Hydroxy-4,4-dimethyl-1-(p-tolyl)pyrrolidin-2-one
Pantolactone (294 mg, 2.1 mmol) was added to a 10 mL microwave vessel equipped with
a stir bar. Solid p-tolylsulfuric acid monohydrate (40 mg, 0.21 mmol) was added
followed by p-methylaniline (450 mg, 4.2 mmol). The vessel was then purged with argon
and sealed with a septum. The mixture was then microwaved at 75 W with a maximum
temperature of 235 C for 10 mins. The mixture was monitored by 1H NMR which
indicated complete conversion. The mixture was allowed to cool to ambient temperature.
The crude was taken up in 100 mL of EtOAc and transferred to a separatory funnel. The
organic layer was washed with 1 M HCl (2 x 20 mL), dried over sodium sulfate, filtered
and concentrated. The product was purified by silica gel chromatography (25% EtOAc in
hexanes gradient to 66% EtOAc in hexanes), affording the product as a tan solid 386 mg,
84 % mp range = 95-98 C. 1H NMR (400 MHz, CDCl3) δ ppm 7.49 (d, J = 8.5 Hz, 2
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H), 7.18 (d, J = 8.8 Hz, 2 H), 4.11 (d, J = 2.4 Hz, 1 H), 3.53 (d, J = 9.6 Hz, 1 H), 3.50 (d,
J = 2.7 Hz, 1 H), 3.42 (d, J = 9.6 Hz, 1 H), 2.33 (s, 3 H), 1.32 (s, 3 H), 1.09 (s, 3 H). 13C
NMR (101 MHz, CDCl3) δ ppm 173.6, 136.6, 134.6, 129.5, 119.5, 78.4, 57.8, 38.5, 24.6,
20.9, 19.9. IR (neat, cm-) 3353, 2869, 1687, 1514, 1427, 1338, 1270, 1103, 1026, 815.
HRMS (ESI) calculated for (C13H17NO2+) (M+): 219.1253, Observed: 219.1252.

3-Hydroxy-1-(4-methyoxyphenyl)-4,4-dimethylpyrrolidin-2-one
Pantolactone (294 mg, 2.1 mmol) was added to a 10 mL microwave vessel equipped with
stir bar. Solid p-tolylsulfuric acid monohydrate (40, mg, 0.21 mmol) was added followed
by p-methoxyaniline (517 mg, 4.2 mmol). The vessel was then purged with argon and
sealed with a septum. The mixture was then microwaved at 75 W with a maximum
temperature of 260 C for 10 mins. The mixture was monitored by 1H NMR which
indicated complete conversion. The mixture was allowed to cool to ambient temperature.
The crude was taken up in 100 mL of EtOAc and transferred to a separatory funnel. The
organic layer was washed with 1 M HCl (2 x 20 mL), dried over sodium sulfate, filtered
and concentrated. The product was purified by silica gel chromatography (25% EtOAc in
hexanes gradient to 66% EtOAc in hexanes), affording the product as a tan solid 416 mg,
84 % mp range = 98-100 C. 1H NMR (400 MHz, CDCl3) δ ppm 7.52 (d, J = 9.2 Hz, 2
H), 6.92 (d, J = 9.2 Hz, 2 H), 4.11 (s, 1 H), 3.81 (s, 3 H), 5.25 (d, J = 9.6 Hz, 1 H), 3.40
(d, J = 9.6 Hz, 1 H), 3.18 (br, 1 H), 1.33 (s, 3 H), 1.10 (s, 3 H).
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C NMR (101 MHz,

CDCl3) δ ppm 173.4, 156.9, 132.5, 121.4, 121.4, 114.3, 78.5, 58.3, 55.7, 38.8, 24.8, 24.8,
20.2. IR (neat, cm-) 3350, 2963, 1686, 1510, 1434, 1271, 1247, 1130, 1025, 830, 729.
HRMS (ESI) calculated for (C13H17NO3+) (M+): 235.1201, Observed: 235.1202.

4,4-Diethyl-3-hydroxy-1-phenylpyrrolidin-2-one
To

a

10

mL

microwave

vessel

equipped

with

stir

bar,

4,4-Diethyl-3-

hydroxydihydrofuran-2(3H)-one (1.64 g, 10.3 mmol) was added. Next, Solid ptolylsulfuric acid monohydrate (195, mg, 1.03 mmol) was added and the vessel was
purged with argon and sealed with a septum. Aniline (1.88 mL, 20.7 mmol) was added
via syringe and the mixture was stirred at ambient temperature for 15 min to solubilize
the solid starting materials. The mixture was then microwaved at 75 W with a maximum
temperature of 210 C for 4.5 h. The mixture was monitored by 1H NMR which indicated
> 60% conversion. The crude was taken up in 100 mL of EtOAc and transferred to a
separatory funnel. The organic layer was washed with 1 M HCl (2 x 20 mL), dried over
sodium sulfate, filtered and concentrated. The resulting solid was triturated with ether to
yield a tan solid, 1.1 g, 45 %, mp range = 103-105 C. 1H NMR (400 MHz, CDCl3) δ
ppm 7.63 (d, J = 8.1 Hz, 2 H), 7.37 (t, J = 7.7 Hz, 2 H), 7.16 (t, J = 7.3 Hz, 1 H), 4.24 (s,
1 H), 3.77 (br, 1 H), 3.55 (d, J = 9.9 Hz, 1 H), 3.44 (d, J = 9.9 Hz, 1 H), 1.70-1.50 (m, 4
H), 1.03 (t, J = 7.5 Hz, 3 H), 0.87 (t, J = 7.5 Hz, 3 H).

13

C NMR (101 MHz, CDCl3) δ

ppm 174.6, 139.0, 128.9, 124.8, 119.6, 77.4, 54.0, 43.9, 29.7, 22.8, 8.9, 8.5. IR (neat, cm-
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) 3383, 2960, 2878, 1676, 1595, 1498, 1404, 1282, 1221, 1100, 914, 797, 758. HRMS
(ESI) calculated for (C14H19NO2) (M+): 233.1410, Observed: 233.1413.

4-Hydroxy-2-phenyl-2-azaspiro[4.5]decan-3-one
To a 10 mL microwave vessel equipped with stir bar 4-Hydroxy-2-oxaspiro[4.5]decan-3one (573 mg, 3.37 mmol) was added. Next, Solid p-tolylsulfuric acid monohydrate (64,
mg, 0.337 mmol) was added and the vessel was purged with argon and sealed with a
septum. Aniline (0.31 mL, 6.75 mmol) was added via syringe and the mixture was stirred
at ambient temperature for 15 min to solubilize the solid starting materials. The mixture
was then microwaved at 75 W with a maximum temperature of 210 C for 40 mins. The
mixture was monitored by 1H NMR which indicated partial conversion. The mixture was
allowed to cool to ambient temperature and aniline (0.31 mL, 6.75 mmol) was added via
syringe. The mixture was then subjected to the previously mentioned microwave
conditions for an additional 70 mins, at which point 1H NMR indicated nearly complete
conversion. The crude was taken up in 100 mL of EtOAc and transferred to a separatory
funnel. The organic layer was washed with 1 M HCl (2 x 20 mL), dried over sodium
sulfate, filtered and concentrated. The resulting solid was triturated with cold ether to
yield a tan solid, 382 mg, 46 %, mp range = 124-127 C. 1H NMR (400 MHz, CDCl3) δ
ppm 7.64 (d, J = Hz, 2 H), 7.39 (t, J = Hz, 2 H), 7.18 (t, J = Hz, 1 H), 4.09 (s, 1 H), 3.77
(d, J = Hz, 1 H), 3.43 (d, J = Hz, 1 H), 1.88-1.64 (m, 6 H), 1.39-1.28 (m, 4 H). 13C NMR
(101 MHz, CDCl3) δ ppm 173.8, 139.2, 128.9, 124.8, 119.5, 78.5, 54.0, 41.6, 35.0, 26.5,
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25.6, 23.1, 22.0. IR (neat, cm-) 3345, 2932, 2853, 1682, 1595, 1493, 1403, 1305, 1272,
1152, 1109, 898, 764, 692. HRMS (ESI) calculated for (C15H19NO2) (M+): 245.1408,
Observed: 245.1410.

General Procedure for the Preparation of α-Hydroxy Amides (GP1)
The α-hydroxy carboxylic acid, was added to a 10 mL microwave vessel equipped with
stir bar. Solid p-tolylsulfuric acid monohydrate (0.2 equiv.) was added followed by
aniline (2.0 equiv.). The vessel was then purged with argon and sealed with a septum.
The mixture was then microwaved at 75 W with a maximum temperature of 210 C for
10 mins. The mixture was monitored by 1H NMR which indicated complete conversion.
The mixture was allowed to cool to ambient temperature. The crude was taken up in 100
mL of EtOAc and transferred to a separatory funnel. The organic layer was washed with
1 M HCl (2 x 20 mL), dried over sodium sulfate, filtered and concentrated. The product
was purified by silica gel chromatography (EtOAc and hexanes) or recrystallized
affording the desired hydroxy amides.

2-Hydroxy-N-phenylpropanamide
The product was prepared from (D,L)-lactic acid (3.0 mmol) according to GP1. The
desired product was isolated after column chromatography (25% EtOAc in hexanes
gradient to 66% EtOAc in hexanes) as a tan solid, 388 mg, 78 % yield. 1H NMR (400
MHz, CDCl3) δ ppm 8.53 (br, 1 H), 7.54 (d, J = 7.8 Hz, 2 H), 7.32 (t, J = 7.8 Hz, 2 H),
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7.12 (t, J = 7.4 Hz, 1 H), 4.34 (q, J = 6.8 Hz, 1 H), 3.29 (br , 1 H), 1.51 (d, J = 6.8 Hz, 3
H). 13C NMR (101 MHz, CDCl3) δ ppm 172.6, 137.1, 129.0, 124.6, 119.8, 68.8, 21.2.

2-Hydroxy-N-phenylbutanamide
The product was prepared from (D,L)-2-hydroxybutyric acid (5.0 mmol) according to
GP1. The desired product was obtained as a white solid after extractions with no further
purification required, 792 mg, 88 % yield. 1H NMR (400 MHz, CDCl3) δ ppm 8.37 (br, 1
H), 7.59-7.57 (m, 2 H), 7.36-7.32 (m, 2 H), 7.15-7.11 (m, 1 H), 4.26-4.22 (m, 1 H), 2.49
(br, 1 H), 2.05-1.94 (m, 1 H), 1.81 (dddd, J = 14.6, 14.6, 7.3, 7.3 Hz, 1 H), 1.05 (t, J = 7.3
Hz, 3 H).13C NMR (101 MHz, CDCl3) δ ppm 171.9, 137.2, 129.0, 124.5, 119.7, 73.6,
27.9, 9.2.

2-Hydroxy-3-methyl-N-phenylbutanamide
The product was prepared from 2-hydroxy-3-methylbutyric acid (3.0 mmol) according to
GP1. The desired product was obtained as a tan solid after recrystallization from CH2Cl2,
415 mg, 72 % yield.. 1H NMR (400 MHz, CDCl3) δ ppm 8.53 (br ,1 H), 7.55-7.53 (m ,2
H), 7.33-7.31 (m, 2 H), 7.13-7.09 (m, 1 H), 4.08 (d, J = 3.2 Hz, 1 H), 3.36 (br, 1 H), 2.27
(dddd, J = 20.8, 13.7, 6.9, 3.2 Hz, 1 H), 1.05 (d, J = 6.9 Hz, 3 H), 0.90 (d, J = 6.9 Hz, 3
H).

13

C NMR (101 MHz, CDCl3) δ ppm 171.8, 137.1, 129.0, 124.5, 119.9, 76.6, 31.9,

19.2, 15.5.
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Benzyl-2-hydroxypropanoate
The product was prepared from a modified procedure to that described in the literature.58
A 50 mL round bottom flask was equipped with a stir bar and a septum. (D,L)-lactic acid
(313 mg, 3.45mmol) was added followed by 7 mL of a MeOH:H2O (1:9) solution. The
solution was then treated with a 20% CsCO3 solution drop wise until a pH of 7 was
achieved. The solvent was then removed under reduced pressure. DMF (4 mL) was added
to the flask and removed under reduced pressure revealing the cesium salt of lactic acid.
The salt was suspended in DMF (4.0 mL) and cooled to 0 C and benzyl bromide (560
mg, 3.11 mmol) was added drop wise. The mixture was then allowed to warm to ambient
temperature and stirred for 18 h. The crude was extracted with ether (50 mL) and
partitioned with 50 mL of water. The aqueous layer was then extracted with ether (3x 50
mL) and the organic layers combined and washed with sat. NaHCO3, brine, and dried
over sodium sulfate. Filtration followed by solvent removal under reduced pressure gave
the desired product as a colorless oil, 523 mg, 93% yield. 1H NMR (400 MHz, CDCl3) δ
ppm 7.40-7.33 (m, 5 H), 5.22 (s, 2 H), 4.32 (q, J = 6.8 Hz, 1 H), 2.89 (br,1 H), 1.43 (d, J
= 6.8 Hz. 3 H).

13

C NMR (101 MHz, CDCl3) δ ppm 175.5, 135.2, 128.6, 128.2, 128.1,

67.3, 66.7, 20.4.

General Procedure for the Kinetic Resolution of α-Hydroxy Lactones and Lactams
(GP2)
Into a 1-dram vial equipped with a stir bar and activated 4Å molecular sieves, racemic
substrate (0.5 mmol) and catalyst (0.125 mmol) was added. The vial was then purged
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with argon and sealed with a septum. The starting materials were then dissolved in 0.9
mL of THF. Base (0.3 mmol) was added via syringe and the vial was cooled to -78 C in
a cryocool for 30 mins. The cooled mixture was then treated with 0.3 mL of a freshly
prepared 1M silyl chloride solution in THF. The reaction was left to stir a set amount of
time at -78 C then quenched with 0.3 mL of methanol. The solution was left to warm to
room temperature then the contents of the vial were extracted into a 4-dram vial with
ether. Concentration gave an oil which was subjected to column chromatography (10%
EtOAc in hexanes gradient to 50% EtOAc in hexanes) to separate the starting material
from products. Starting material that coeluted with catalyst was purified by washing with
5% HCl and extracted with ether (3 x 5 mL) followed by drying over sodium sulfate.
Filtration and removal of the solvent afforded the starting material suitable for conversion
to the benzoate ester or separation on chiral stationary phase HPLC.

General Procedure for Product Deprotection (GP3)
The silyl-protected alcohol was weighed into a 4 dram vial. The vial was then equipped
with a stir bar and a septum. The solid was then dissolved in 1 mL of THF with stirring.
To this solution TBAF (1 mL) was added. The reaction was monitored via TLC (1:3
EtOAc: hexanes). The reactions were generally complete in less than 2 h. The reaction
was then quenched with brine, extracted with diethyl ether three times and dried over a
sodium sulfate silica gel mixture and filtered. Concentration via rotovap afforded an oil.
Subsequent purification on silica gel column chromatography (10% EtOAc in hexanes
gradient to 50% EtOAc in hexanes) afforded the deprotected products suitable for
conversion to the benzoate ester or separation on chiral stationary phase HPLC.

73

General Procedure for Benzoylation of Alcohols for HPLC Analysis (GP4)
A 4-dram vial containing the lactone or lactam was fitted with a stir bar and a septum.
DMAP (0.1 equiv.) was weighed and added to the vial. The mixture was then dissolved
in 2 mL of dichloromethane with stirring. Triethyl amine (2.0 equivalents) was added via
syringe and the vessel was cooled to 0 C in an ice bath. Benzoyl chloride (1.4
equivalents) was then added drop wise via syringe and the reaction was left to stir for 30
mins at which point TLC of the crude indicated reaction was complete. The reaction was
quenched with saturated sodium bicarbonate and extracted three times with
dichloromethane. The combined organic layers were then dried over sodium sulfate.
After concentration the crude was then purified via silica gel column chromatography
(1:9 EtOAc: hexanes) to obtain the desired benzoylated lactone or lactam. The benzoate
esters were then analyzed by HPLC using chiral stationary phases.

General Procedure for the silylation of alcohols for HPLC Analysis (GP5)
A 4-dram vial containing the lactone or lactam was fitted with a stir bar and a septum and
then dissolved in 2 mL of THF with stirring. N-methyl imidazole (0.25 equiv.) was added
to the solution via syringe. Next, Hünig’s base (2.0 equivalents) was added via syringe.
Triphenylsilyl chloride (1.1 equivalents) was then added in portions and the reaction was
left to stir for 2 h at ambient temperature. TLC of the crude indicated the reaction was
complete in 2 h or less in all cases. The reaction was quenched with sat NH4Cl (1 mL)
and extracted three times with ether (5 mL). The combined organic layers were then dried
over sodium sulfate. After concentration the crude was then purified via silica gel column
chromatography (1:9 EtOAc: hexanes) to obtain the desired triphenyl silylated lactone or
lactam. The silyl ethers were then analyzed by HPLC using chiral stationary phases.
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Analytical Data and HPLC Traces for Kinetic Resolutions

Table 2.1, Entry 5: Recovered starting material: 20 mg, 31%. 1H NMR (400 MHz,
CDCl3)  ppm 4.13 (s, 1H), 4.03 (d, J = 8.9 Hz 1H), 3.95 (d, J = 8.9 Hz 1H), 2.93 (br,
1H), 1.24 (s, 3H), 1.09 (s, 3H). 13C NMR (101 MHz, CDCl3) ppm 177.5, 76.4, 75.7,
40.8, 22.9, 18.8.

1

H NMR (400 MHz, CDCl3) ppm 8.12-8.09 (m, 2 H), 7.64-7.60 (m, 1 H), 7.50-7.46

(m, 2 H), 5.63 (s, 1 H), 4.12 (dd, J = 9.0, 3.6 Hz, 2 H), 1.29 (s, 3 H), 1.23 (s, 3 H).

13

C

NMR (101 MHz, CDCl3) ppm 172.3, 165.3, 133.8, 130.0, 128.7, 128.6, 76.2, 75.4,
40.6, 23.1, 20.1.
HPLC separation conditions and stereochemical assignment59 made after conversion to
the corresponding benzoate ester. Chiralpak OD-H Column 6% isopropyl alcohol in
hexane, flow rate: 1 mL/min, 25 C; tR 14.7 min for (R)-enantiomer (minor) and 16.8 min
for (S)-enantiomer (major). (er = 96:4).

75

76

Table 2.1, Entry 5: Recovered product: 87 mg, 44% white solid. mp range = 90-93 C.
1

H NMR (400 MHz, CDCl3) ppm 7.74-7.71 (m, 6H), 7.48-7.37 (m, 9H), 4.15 (s, 1H),

3.95 (d, J = 8.9 Hz, 1H), 3.76 (d, J = 8.9 Hz, 1 H), 1.18 (s, 3H), 0.86 (s, 3H) 13C NMR
(101 MHz, CDCl3) ppm 175.2, 135.7, 133.4, 130.3, 127.9, 77.25, 75.4, 41.1, 22.6, 19.6.
Optical Rotation []25D: = +6.0 (c = 0.86) CHCl3 IR (neat, cm-1) 3000, 2929, 2852,
1789, 1428, 1197, 1117, 1009, 857, 744, 712. HRMS (ESI) Calculated for (M+)
(C24H24O3Si+): 388.1489 Observed: 388.1480.
HPLC data is of the desilylated products followed by conversion to the corresponding
benzoate ester. The same conditions as the benzoate ester of the starting material were
utilized. (er = 93:7).
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Kinetic Resolution Data for Table 2.1 Entry 5
#

er SM

er P

% conv

s

s AVG

1

96:4

93:7

52.1

42

36

2

87:13

93:7

46.2

30

Procedure for the Kinetic Resolution of Pantolactone, 3 (8.0 mmol Scale)
Into an oven dried 50 mL round bottom flask equipped with a stir bar and activated 4Å
molecular sieves, pantolactone 3 (1.04 g, 8.0 mmol) and (-)-benzotetramisole (505 mg,
2.0 mmol) was added. The vial was then purged with argon and sealed with a septum.
The starting materials were then dissolved in 14.25 mL of THF. Hünig’s base (836 µL,
4.8 mmol) was added via syringe and the vial was cooled to -78 C in a cryocool for 30
mins. The cooled mixture was then treated with 4.8 mL of a freshly prepared 1M
triphenylsilyl chloride solution in THF. The reaction was left to stir for 24 h at -78 C
then quenched with 2 mL of methanol. The solution was left to warm to room
temperature, then the flasks contents were extracted with ether. Concentration of the
mixture gave an oil which was subjected to column chromatography (10% EtOAc in
hexanes gradient to 50% EtOAc in hexanes) to separate the starting material from
products. The starting material that coeluted with catalyst was purified by washing with
5% HCl (20 mL) and extraction with ether (5 x 20 mL) followed by drying over sodium
sulfate. Filtration and removal of the solvent afforded the starting material (383 mg, 37%)
suitable for conversion to the benzoate ester for separation on chiral stationary phase
HPLC. The silylated product (1.45 g, 47%) that was isolated was deprotected according
to the general procedure and converted to the corresponding benzoate ester for separation
on chiral stationary phase HPLC.
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The benzoate ester of the starting materials were separated Chiralpak OD-H Column 6%
isopropyl alcohol in hexane, flow rate: 1 mL/min, 25 C; tR 13.6 min for (R)-enantiomer
(minor) and 16.2 min for (S)-enantiomer (major). (er = 92:8).
79

The benzoate ester of the deprotected product was run on chiral stationary phase HPLC
under the same conditions as the starting materials. (er = 92:8).

Kinetic Resolution Data for the Resolution of 2.1 (8.0 mmol scale)
#

er SM

er P

% conv

s

1

92:8

92:8

50.3

28

Table 2.2, Entry 2: Recovered starting material: 19 mg, 29 %. 1H NMR (400 MHz,
CDCl3) ppm 4.13 (s, 1H), 4.03 (d, J = 8.9 Hz 1H), 3.95 (d, J = 8.9 Hz 1H), 2.93 (br,
1H), 1.24 (s, 3H), 1.09 (s, 3H).

13

C NMR (101 MHz, CDCl3) ppm 177.5, 76.4, 75.7,

40.8, 22.9, 18.8.
80

HPLC conditions for the starting material was as follows using the corresponding
benzoate ester of the starting material: Chiralpak OD-H Column 6% isopropyl alcohol in
hexane, flow rate: 1 mL/min, 25 C; tR 14.3 min for (R)-enantiomer (minor) and 15.6 min
for (S)-enantiomer (major). (er = 71:29).
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Table 2.2, Entry 2: Recovered product: 62 mg, 38 % colorless oil. 1H NMR (400 MHz,
CDCl3) δ ppm 7.67-7.64 (m, 3 H), 7.45-7.36 (m, 5 H), 4.03 (s, 1 H), 3.95 (d, J = 8.9 Hz,
1 H), 3.79 (d, J = 8.9 Hz. 1 H), 1.12 (s, 3 H), 0.98 (s, 3 H), 0.80 (s, 3 H).

13

C NMR (101

MHz, CDCl3) δ ppm 175.5, 135.3, 134.9, 134.7, 134.4, 130.2, 130.0, 127.9, 127.8, 75.6,
40.9, 22.8, 19.4, -2.1. Optical Rotation [α]25D: +18.0 (c = 0.90) CHCl3. IR (neat, cm-1)
3070, 2963, 1791, 1464, 1428, 1201, 1118, 1010, 861, 773, 725.

HRMS (ESI)

Calculated for (C19H22O3Si+) (M-Ph+): 326.1332 Observed: 326.1320.
HPLC data is of the desilylated products followed by conversion to the corresponding
benzoate ester. The same conditions as the benzoate ester of the starting material were
utilized. (er = 67:34).
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Kinetic Resolution Data for Table 2.2, Entry 2
#

er SM

er P

% conv

s

s AVG

1

71:29

67:33

55.5

2.8

2.9

2

65:35

68:32

46.4

2.9

Table 2.2, Entry 3: Recovered starting material: 30 mg, 46 %. 1H NMR (400 MHz,
CDCl3) ppm 4.13 (s, 1H), 4.03 (d, J = 8.9 Hz 1H), 3.95 (d, J = 8.9 Hz 1H), 2.93 (br,
1H), 1.24 (s, 3H), 1.09 (s, 3H).

13

C NMR (101 MHz, CDCl3) ppm 177.5, 76.4, 75.7,

40.8, 22.9, 18.8.
HPLC conditions for the starting material was as follows using the corresponding
benzoate ester of the starting material: Chiralpak OD-H Column 6% isopropyl alcohol in
hexane, flow rate: 1 mL/min, 25 C; tR 13.1 min for (R)-enantiomer (minor) and 15.2 min
for (S)-enantiomer (major). (er = 68:32).
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Table 2.2, Entry 3: Recovered product: 53 mg, 40 % colorless oil. 1H NMR (400 MHz,
CDCl3) δ ppm 7.64-7.61 (m, 2 H), 7.42-7.37 (m, 3 H), 3.97-3.95 (m, 2 H), 3.82 (d, J =
8.9 Hz, 1 H), 1.06 (s, 3 H), 1.01 (s, 3 H), 0.51 (s, 3 H), 0.48 (s, 3 H).

13

C NMR (101

MHz, CDCl3) δ ppm 175.7, 136.7, 133.7, 129.9, 127.9, 75.7, 40.8, 22.8, 19.2, -0.9, -1.5.
Optical Rotation [α]25D: +21.2 (c = 1.0) CHCl3. IR (neat, cm-1) 2962, 1792, 1464, 1428,
1252, 1201, 1116, 1010, 992, 868, 830, 785, 699.

HRMS (ESI) Calculated for

(C13H17O3Si+) (M-Me+): 249.0941 Observed: 249.0943.
HPLC data is of the desilylated products followed by conversion to the corresponding
benzoate ester. The same conditions as the benzoate ester of the starting material were
utilized. (er = 75:25).
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Kinetic Resolution Data for Table 2.2, Entry 3
#

er SM

er P

% conv

s

s AVG

1

68:32

75:25

42.0

4.1

2

66:34

79:21

35.8

5.0

4.6

Table 2.5, Entry 1: Recovered starting material: 13 mg, 25 % 1H NMR (400 MHz,
CDCl3) ppm 4.52 (dd, J = 8.3, 1.8 Hz, 1 H), 4.45 (td, 8.9, 2.0 Hz, 1 H), 3.31 (br, 1 H),
2.66-2.59 (m, 1 H), 2.35-2.25 (m, 1 H).

13

C NMR (101 MHz, CDCl3) ppm 177.9, 67.4,

65.2, 30.9. Optical Rotation: []25D: = -51.8 (c = 1.07) CHCl3
Stereochemical assignment made based on optical rotation comparison of the recovered
starting materials to the literature.60 HPLC separation conditions made after conversion to
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the triphenylsilyl protected alcohol. Chiralpak OD-H Column 3% isopropyl alcohol in
hexane, flow rate: 1 mL/min, 25 C; tR 19.7 min for (R)-enantiomer (minor) and 25.5 min
for (S)-enantiomer (major). (er = 80:20).
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Table 2.5, Entry 1: Recovered product: 70 mg, 39%, white solid. mp range = 112-115
C. 1H NMR (400 MHz, CDCl3) ppm 7.69 (d, J = 6.5 Hz, 6 H), 7.46-7.37 (m, 9H),
4.51 (t, J = 8.3 Hz, 1H), 4.30. (td, J = 8.5, 3.4 Hz, 1 H), 4.05-3.99 (m, 1 H), 2.28-2.21 (m,
2 H).

13

C NMR (101 MHz, CDCl3) ppm 175.3, 135.4, 133.0, 130.4, 128.0, 68.6, 64.4,

32.0. Optical Rotation []25D: = +13.0 (c = 0.85) CHCl3 IR (neat, cm-1) 3013, 2945,
2853, 1781, 1428, 1219, 1150, 1116, 996, 846, 745, 706. HRMS (ESI) Calculated for
(C22H20O3Si+) (M+): 360.1176 Observed: 360.1175.
HPLC data is of the silylated products. The same conditions as the silylated starting
material were utilized. (er = 77:23).
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Kinetic Resolution Data for Table 2.5 Entry 1
#

er SM

er P

% conv

s

s AVG

1

82:18

74:26

56.9

5.5

5.8

2

80:20

77:23

52.5

6.2

Table 2.5, Entry 3: Recovered starting material: 45 mg, 57 % 1H NMR: (400 MHz,
CDCl3) ppm 4.22 (s, 1 H), 4.16 (d, J = 9.3 Hz, 1 H), 3.88 (d, J = 9.3 Hz, 1 H), 1.661.42 (m, 4 H), 0.99 (t, J = 7.4 Hz, 3 H), 0.91 (t, J = 7.4, 3 H).

13

C NMR: (101 MHz,

CDCl3) ppm 178.3, 74.7, 73.1, 46.6, 28.1, 21.4, 8.5, 8.09.

1

H NMR: (400 MHz, CDCl3) ppm 8.10-8.07 (m, 2 H), 7.62 (tt, J = 7.4, 1.3 Hz, 1 H),

7.50-7.46 (m, 2 H), 5.78 (s, 1 H), 4.25 (d, J = 9.4 Hz, 1 H) 4.08 (d J = 9.4 Hz, 1 H) 1.751.60 (m, 4 H), 1.02 (t, J = 7.5 Hz, 3 H) 0.94 (t, J = 7.5 Hz, 3 H). 13C NMR: (101 MHz,
CDCl3) ppm 172.9, 165.2, 133.7, 130.0, 128.9, 128.6, 73.7, 72.9, 46.1, 27.9, 23.5, 8.3,
8.2. Optical Rotation []25D: = -12.2 (c = 1.2) CHCl3
Stereochemical assignment made based on comparison of optical rotation data for the
benzoate ester to that in the literature.34 HPLC separation conditions made after
conversion to the corresponding benzoate ester. Chiralpak IC Column 15% isopropyl
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alcohol in hexane, flow rate: 1 mL/min, 25 C; tR 28.3 min for (S)-enantiomer (major)
and 44.6 min for (R)-enantiomer (minor). (er = 82:18).
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Table 2.5, Entry 3: Recovered product: 81 mg, 40 %, white solid. mp range = 66-72 C.
1

H NMR: (400 MHz, CDCl3) ppm 7.72-7.70 (m, 6 H), 7.45-7.36 (m, 9 H), 4.21 (s, 1

H), 4.06 (d, J = 9.3 Hz, 1 H), 3.81 (d, J = 9.3 Hz, 1 H), 1.70-1.63 (m, 2 H), 1.38-1.20 (m,
2 H), 0.97 (t, J = 7.5 Hz, 3 H), 0.68 (t, J = 7.5 Hz, 3 H). 13C NMR: (101 MHz, CDCl3)
ppm 175.9, 135.6, 133.5, 130.2, 127.8, 75.2, 72.0, 46.6, 27.7, 24.1, 8.6, 8.4. Optical
Rotation []25D: +5.1 (c = 0.86) IR (neat, cm-1) 3071, 2965, 2858, 1788, 1483, 1427,
1190, 1146, 1116, 1012, 856, 742, 711. HRMS (ESI) Calculated for (C20H23O3Si+) (MC6H5+): 339.1409 Observed: 339.1410.
HPLC data is of the desilylated products followed by conversion to the corresponding
benzoate ester. The same conditions as the benzoate ester of the starting material were
utilized. (er = 98:2).
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Kinetic Resolution Data for Table 2.5, Entry 3
#

er SM

er P

% conv

s

s AVG

1

82:18

98:2

40.3

100

100

2

77:23

98:2

35.8

101

Table 2.5, Entry 4: Recovered starting material: 31 mg, 40 %. 1H NMR: (400 MHz,
CDCl3) δ ppm 4.32 (s, 1 H), 4.13 (d, J = 8.8 Hz, 1 H), 4.03 (dd, J = 7.8, 1.0 Hz, 1 H),
3.43 (br, 1 H), 2.05-1.58 (m, 7 H), 1.46-1.39 (m, 1 H). 13C NMR: (101 MHz, CDCl3) δ
ppm 177.9, 76.1, 73.6, 51.6, 33.6, 29.1, 25.0, 24.9. Optical Rotation []25D: + 6.4 (c =
0.86).

Colorless oil. 1H NMR: (400 MHz, CDCl3) δ ppm 8.11-8.08 (m, 2 H), 7.64-7.59 (m, 1
H), 7.5-7.46 (m, 2 H), 5.78 (s, 1 H), 4.23 (d, J = 8.9 Hz, 1 H), 4.17 (dd, J = 8.1, 0.9 Hz, 1
H), 2.06-1.95 (m, 2 H), 1.78-1.62 (m, 6 H). 13C NMR: (101 MHz, CDCl3) δ ppm 172.4,
165.3, 133.8, 130.0, 128.8, 128.6, 75.8, 73.6, 51.1, 33.6, 30.7, 24.8, 24.7. Optical
Rotation []25D: +18.7 (c = 0.82). IR (neat, cm-1) 2958, 2872, 1789, 1725, 1601, 1451,
1315, 1262, 1096, 998, 706. HRMS (ESI) Calculated for (C15H16O4+) (M+): 260.1043
Observed: 260.1047.
Stereochemical assignment made based on comparison of optical rotation data for the
recovered starting material to that in the literature.61 HPLC separation conditions made
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after conversion to the corresponding benzoate ester. Chiralpak OD-H Column 6%
isopropyl alcohol in hexane, flow rate: 1 mL/min, 25 C; tR 14.3 min for (R)-enantiomer
(minor) and 15.9 min for (S)-enantiomer (major). (er = 94:6).
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Table 2.5, Entry 4: Recovered product: 106 mg, 51 %, white solid. mp range = 83-92
C. 1H NMR: (400 MHz, CDCl3) ppm 7.72-7.70 (m, 6 H), 7.47-7.37 (m, 9 H), 4.29 (s,
1 H), 4.07 (d, J = 8.7 Hz, 1 H), 3.82 (d, J = 8.7 Hz, 1 H), 1.69-1.26 (m, 8 H). 13C NMR:
(101 MHz, CDCl3) ppm 175.1, 135.7, 133.4, 130.3, 127.9, 75.4, 74.9, 52.0, 33.0, 22.5,
25.1, 25.0. Optical Rotation []25D: - 5.4 (c = 0.90) CHCl3. IR (neat, cm-1) 3029, 2955,
2898, 1786, 1428, 1191, 1147, 1115, 1100, 989, 862, 744, 699. HRMS (ESI) Calculated
for (M+) (C26H26O3Si+): 414.1645 Observed: 414.1663.
HPLC data is of the desilylated products followed by conversion to the corresponding
benzoate ester. The same conditions as the benzoate ester of the starting material were
utilized. (er = 89:11).
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Kinetic Resolution Data for Table 2.5 Entry 4
#

er SM

er P

% conv

s

s AVG

1

94:6

89:11

53.0

23

23

2

94:6

89:11

53.0

22

Table 2.5, Entry 5: Recovered starting material: 30 mg, 35 %. 1H NMR: (400 MHz,
CDCl3) δ ppm 4.34 (d, J = 9.2 Hz, 1H), 4.09 (d, J = 3.6 Hz, 1H), 3.89 (dd, J = 1.4, 7.8
Hz, 1H), 2.82 (d, J = 3.8 Hz, 1H), 1.74-1.57 (m, 6H), 1.44-1.20 (m, 4H). 13C NMR: (101
MHz, CDCl3) δ ppm 177.7, 75.7, 73.6, 44.1, 33.7, 25.8, 25.3, 22.9, 21.7. Optical
Rotation []25D: +12.2 (c = 0.85).

Colorless oil. 1H NMR: (400 MHz, CDCl3) δ ppm 8.04-8.02 (m, 2 H), 7.55 (tt, J = 7.4,
1.3 Hz, 1 H), 7.43-7.39 (m, 2 H), 5.55 (s, 1 H), 4.38 (d, J = 9.2 Hz, 1 H), 4.00 (dd, J =
8.2, 1.1 Hz, 1 H), 1.69-1.51 (m, 7 H), 1.43-1.32 (m, 1 H), 1.23-1.11 (m, 2 H).

13

C NMR:

(101 MHz, CDCl3) δ ppm 172.7, 165.5, 133.9, 130.3, 129.0, 128.7, 75.4, 73.6, 44.0, 33.9,
27.4, 25.4, 22.9, 22.0. Optical Rotation []25D: -25.4 (c = 1.2) IR (neat, cm-1) 29 26,
2859, 1788, 1727, 1600, 1451, 1382, 1341, 1268, 1112, 1003, 986, 731, 707. HRMS
(ESI) Calculated for (C16H18O4+) (M+): 274.1199 Observed: 274.1197.
Stereochemical assignment made based on comparison of optical rotation data for the
recovered starting material to that in the literature.62 HPLC separation conditions made
after conversion to the corresponding benzoate ester. Chiralpak OD-H Column 6%
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isopropyl alcohol in hexane, flow rate: 1 mL/min, 25 C; tR 17.4 min for (R)-enantiomer
(minor) and 19.2 min for (S)-enantiomer (major). (er = 98:2).
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Table 2.5, Entry 5: Recovered product: 67 mg, 31 %, white solid. mp range = 103-105
C. 1H NMR: (400 MHz, CDCl3) ppm 7.73-7.71 (m, 6 H), 7.47-7.37 (m, 9 H), 4.29 (d,
J = 9.2 Hz, 1 H), 4.09 (s, 1 H), 3.71 (dd, J = 7.9, 1.3 Hz, 1 H), 1.74-1.04 (m, 10 H). 13C
NMR: (101 MHz, CDCl3) ppm 175.3, 135.7, 133.4, 130.3, 127.9, 77.1, 72.5, 44.4,
33.1, 26.3, 25.4, 22.8, 21.8. Optical Rotation []25D: - 8.0 (c = 0.85) IR (neat, cm-1)
3070, 2920, 2852, 1783, 1428, 1167, 1116, 1105, 1000, 850, 741, 709. HRMS (ESI)
Calculated for (M+) (C27H28O3Si+): 428.1802 Observed: 428.1796.
HPLC data is of the desilylated products followed by conversion to the corresponding
benzoate ester. The same conditions as the benzoate ester of the starting material were
utilized. (er = 92:8).
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Kinetic Resolution Data for Table 2.5 Entry 5
#

er SM

er P

% conv

s

s AVG

1

98:2

92:8

53.2

43

48

2

97:3

94:6

51.8

52

.
Table 2.5, Entry 6: Recovered starting material: 18 mg, 26 %. 1H NMR: (400 MHz,
CDCl3) δ ppm 6.27 (ddd, J = 5.1, 2.8, 2.8 Hz, 1 H), 5.95 (ddd, J = 2.8, 2.4, 2.2 Hz, 1 H),
5.35 (ddd, J = 6.4, 2.2, 2.1 Hz, 1 H), 4.72 (d, J = 9.4 Hz, 1 H), 3.23 (dddd, J = 15.3, 9.2,
6.1, 3.1 Hz, 1 H), 2.76 (ddd, J = 18.4, 5.5, 3.0 Hz, 1 H), 2.47 (ddd, J = 18.4, 9.2, 2.3 Hz,
1 H).13C NMR: (101 MHz, CDCl3) δ ppm 177.3, 141.2, 127.6, 86.6, 69.3, 40.6, 30.8.
Optical Rotation []25D: - 72.9 (c = 0.90) CHCl3.

1

H NMR: (400 MHz, CDCl3) δ ppm 8.12-8.09 (m, 2 H), 7.64-7.59 (m, 1 H), 7.49-7.46

(m, 2 H), 6.25-6.23 (m, 1 H), 6.01 (ddd, J = 7.9, 2.3, 2.3 Hz, 1 H), 5.87 (d, J = 9.5 Hz, 1
H), 5.46 (ddd, J = 6.6, 2.2, 2.2 Hz, 1 H), 3.51 (dddd, J = 12.3, 6.5, 6.5, 5.7 Hz, 1 H),
2.69-2.62 (m, 1 H), 2.52-2.42 (m, 1 H).

13

C NMR: (101 MHz, CDCl3) δ ppm 172.0,

165.4, 140.1, 133.8, 130.2, 130.0, 128.6, 128.1, 86.4, 70.1, 39.4, 31.6.
Stereochemical assignment made based on comparison of optical rotation data for the
recovered starting material to that in the literature. HPLC separation conditions made
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after conversion to the corresponding benzoate ester. Chiralpak OJ-H Column 10%
isopropyl alcohol in hexane, flow rate: 1 mL/min, 25 C; tR 27.9 min for (R)-enantiomer
(minor) and 30.2 min for (S)-enantiomer (major). (er = 88:12).
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Table 2.5, Entry 6: Recovered product: 82 mg, 41 %, white solid. mp range = 91-94
C. 1H NMR: (400 MHz, CDCl3) ppm 7.74-7.72 (m, 6 H), 7.48-7.38 (m, 9 H), 6.19
(ddd, J = 5.6, 2.3, 2.3 Hz, 1 H), 5.88 (ddd, J = 7.7, 2.5, 2.5 Hz, 1 H), 5.10 (ddd, J =6.5,
2.2, 2.2 Hz, 1 H), 4.78 (d, J = 9.2 Hz, 1 H), 2.91-2.85 (m, 1 H), 2.79-2.72 (m, 1 H), 2.232.15 (m, 1 H).

13

C NMR: (101 MHz, CDCl3) ppm 174.7, 140.1, 135.5, 133.1, 130.4,

128.0, 127.9, 84.9, 70.5, 41.1, 31.7. Optical Rotation []25D: - 2.1 (c = 0.85) CHCl3. IR
(neat, cm-1) 3069, 2854, 1771, 1428, 1142, 1116, 1102, 984, 903, 825, 739, 713, 629.
HRMS (ESI) Calculated for (M-Ph+) (C19H17O3Si+): 321.0941 Observed: 321.0934.
HPLC data is of the desilylated products followed by conversion to the corresponding
benzoate ester. The same conditions as the benzoate ester of the starting material were
utilized. (er = 76:24).
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Kinetic Resolution Data for Table 2.5 Entry 6
#

er SM

er P

% conv

s

s AVG

1

88:12

76:24

59.5

6.7

7.8

2

90:10

79:21

57.8

8.8

Table 2.5, Entry 7: Recovered starting material: 42 mg, 33 %. 1H NMR: (400 MHz,
CDCl3) δ ppm 7.42-7.24 (m, 10H), 4.49 (t, J = 8.7 Hz, 1H), 3.47 (dd, J = 7.8, 4.8 Hz,
1H), 3.26 (br, 1H), 2.77 (dd, J = 11.3, 1.2, 1H).

13

C NMR (101 MHz, CDCl3) δ ppm

176.7, 143.0, 141.7, 128.8, 128.5, 128.2, 128.1, 125.3, 125.2, 86.7, 68.3, 43.3.
Stereochemical assignment made by analogy to α-hydroxy-γ-butyrolactone (Table 2,
Entry 1).
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Chiral HPLC separation conditions of the purified starting material are as follows:
Chiralpak IC Column 10% isopropyl alcohol in hexane, flow rate: 1 mL/min, 25 C; tR
19.3 min for (R)-enantiomer (minor) and 22.4 min for (S)-enantiomer (major). (er =
53:47).

Table 2.5, Entry 7: Recovered product 88 mg, 34 %, white solid. mp range = 41-43 C.
1

H NMR (400 MHz, CDCl3) ppm 7.67-7.63 (m, 6 H), 7.48-7.12 (m, 19 H), 4.51 (dd, J

= 7.4, 3.2 Hz, 1 H), 2.96 (dd, J = 7.4, 5.2 Hz, 1 H), 2.67 (dd, J = 10.7, 1.9 Hz, 1 H). 13C
NMR (101 MHz, CDCl3) ppm 174.1, 143.6, 141.4, 135.4, 134.9, 132.9, 130.4, 128.5,
128.4, 128.0, 127.8, 125.4, 125.1, 85.6, 69.8, 44.2. IR (neat, cm-1) 3068, 2922, 1785,

101

1589, 1448, 1428, 1218, 1118, 949, 892, 856, 745, 697. HRMS (CI) Calculated for
(C34H32NO3Si+) (M+NH4): 530.2145 Observed: 530.2142.
HPLC data is of the desilylated products. The same conditions as the starting material
were utilized. (er = 52:48).

Kinetic Resolution Data for Table 2.5 Entry 7
#

er SM

er P

% conv

s

s AVG

1

53:47

52:48

56.4

1.2

1.2

2

54:46

55:45

45.2

1.3
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Table 2.6, Entry 1: Recovered starting material: 36 mg, 41%. 1H NMR: (CDCl3, 400
MHz) ppm 7.64 (d, J = 8.6 Hz, 2 H), 7.38 (t, J = 8.2 Hz, 2 H), 7.18 (t, J = 7.5 Hz, 1 H),
4.54-4.47 (m, 1 H), 3.87-3.72 (m ,2 H), 2.64-2.25 (m, 1 H), 2.11 (ddd, J = 12.5, 9.4, 3.1
Hz, 1 H).

13

C NMR: (CDCl3, 101 MHz) ppm 174.3, 138.9, 128.2, 125.1, 119.7, 70.7,

44.5, 27.7.
Chiralpak AD-H Column 10% isopropyl alcohol in hexane, flow rate: 1 mL/min, 25 C;
tR 18.1 min and 20.2 min for each enantiomer. (er = 50:50)

Table 2.6, Entry 1: Recovered product: 81 mg, 37%, white solid. mp range = 88-92 C.
1

H NMR (400 MHz, CDCl3) ppm 7.83-7.80 (m, 6 H), 7.65 (d, J = 7.4 Hz, 2 H), 7.51-

7.35 (m, 11 H), 7.17 (t, J = 7.7 Hz, 1 H), 4.61 (t, J = 7.9 Hz, 1 H), 3.76-3.78 (m, 1 H),
3.64-3.55 (m, 1 H), 2.31-2.09 (m, 2 H).

13

C NMR (101 MHz, CDCl3) ppm 127.1,

139.3, 135.6, 133.8, 130.2, 128.8, 127.9, 124.7, 119.6, 77.3, 44.0, 29.0. IR (neat, cm-1)
3256, 2952, 1710, 1495, 1428, 1311, 1115, 997, 904, 834, 710. HRMS (ESI) Calculated
for (C22H20NO2Si+) (M-Ph+): 358.1257 Observed: 358.1253.
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Kinetic Resolution Data for Table 2.6, Entry 1
#

er SM

er P

% conva

s

s AVG

1

50:50

ND

45.7

1.0

1.0

2

50:50

ND

47.0

1.0

a- Conversion determined via 1H NMR of the crude mixture.

Table 2.6, Entry 2: Recovered starting material: 52 mg, 51% 1H NMR: (CDCl3, 400
MHz) ppm 7.63-7.61 (m, 2 H), 7.40-7.36 (m, 2 H), 7.19-7.15 (m, 1 H), 4.13 (s, 1 H),
3.59 (br, 1 H), 3.55 (d J = 9.6 Hz, 1H), 3.45 (d, J = 9.6 Hz, 1 H), 1.33 (s, 3 H), 1.10 (s, 3
H).

13

C NMR: (CDCl3, 101 MHz) ppm 173.9, 139.1, 128.9, 124.9, 119.5, 78.4, 57.7,

38.4, 24.6, 20.0. Optical Rotation []25D: - 30.1 (c = 0.91) CHCl3.
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Stereochemical assignment made from comparison to the literature. Chiralpak AD-H
Column 10% isopropyl alcohol in hexane, flow rate: 1 mL/min, 25 C; tR 18.1 min for
(R)-enantiomer (minor) and 37.3 min for (S)-enantiomer (major). (er = 84:16).

Table 2.6, Entry 2: Recovered product: 89 mg, 38%, white solid. mp range = 105-108
C. 1H NMR (400 MHz, CDCl3) ppm 7.78 (d, J = 6.2 Hz, 6 H), 7.58 (d, J = 7.6 Hz,
2H), 7.44-7.31 (m, 11H), 7.11 (t, J = 7.4 Hz, 1 H), 4.20 (s, 1 H), 3.38 (dd, J = 9.5, 5.0 Hz,
1 H), 1.20 (s, 3 H), 0.96 (s, 3H).

13

C NMR (101 MHz, CDCl3) ppm 171.9, 139.5,

135.8, 134.0, 130.0, 128.8, 127.8, 124.4, 119.4, 80.2, 56.9, 38.5, 24.3, 20.9. Optical
Rotation []25D: = +64.6 (c = 0.87) IR (neat, cm-1) 3066, 2931, 1709, 1597, 1143, 1114,
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868, 709, 691. HRMS (CI) Calculated for (C30H30NO2Si+) (M+H): 464.2040 Observed:
464.2041.
HPLC data is of the desilylated product. The same conditions as the recovered starting
materials were utilized. (er = 88:12).

Kinetic Resolution Data for Table 2.6 Entry 2
#

er SM

er P

% conv

s

s AVG

1

81:19

87:13

45.7

13

14

2

84:16

88:12

47.0

15
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Table 2.6, Entry 3: Recovered starting material: mg, % 1H NMR: (CDCl3, 400 MHz)
ppm 7.49 (d, J = 8.5 Hz, 2 H), 7.18 (d, J = 8.5 Hz, 2 H), 4.11 (d, J = 2.4 Hz, 1 H), 3.53
(d, J = 9.6 Hz, 1 H), 3.49 (br, 1 H), 3.40 (d, J = 7.1 Hz, 1 H), 2.33 (s, 3 H), 1.32 (s, 3 H),
1.09 (s, 3 H).

13

C NMR: (CDCl3, 101 MHz) ppm 173.6, 136.6, 134.6, 129.5, 119.5,

78.4, 57.8, 38.5, 24.6, 22.9, 20.9, 20.0. Optical Rotation []25D: (c =) CHCl3.
Stereochemical assignment made by analogy to 3-hydroxy-4,4-dimethyl pyrrolidinone.
(Table 3, Entry 2) Chiralpak IC Column 10% isopropyl alcohol in hexane, flow rate: 1
mL/min, 25 C; tR 36.3 min for (R)-enantiomer (minor) and 41.3 min for (S)-enantiomer
(major). (er = 60:40).
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Table 2.6, Entry 3: Recovered product: 53 mg, 22%, white solid. mp range = 127-130
C. 1H NMR (400 MHz, CDCl3) ppm 7.79-7.77 (m, 6 H), 7.47-7.36 (m, 11 H), 7.14 (d,
J = 8.3 Hz, 2 H), 4.19 (s, 1 H), 3.34 (dd, J = 11.5, 9.5 Hz, 2 H), 2.31 (s, 3 H), 1.19 (s ,3
H), 0.95 (s, 3 H).

C NMR (101 MHz, CDCl3) ppm 171.7, 137.0, 135.8, 135.3,

13

134.1, 130.0, 129.3, 127.8, 119.4, 80.3, 57.1, 38.6, 24.3, 20.9, 20.8. Optical Rotation
[]25D: = +56.3 (c = 0.76) CHCl3. IR (neat, cm-1) 3047, 2868, 1709, 1513, 1428, 1327,
1142, 1115, 922, 814, 709. HRMS (ESI) Calculated for (C31H31NO2Si+) (M+): 477.2118
Observed: 477.2100.
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HPLC data is of the desilylated product. The same conditions as the recovered starting
materials were utilized. (er = 84:16).

Kinetic Resolution Data for Table 2.6, Entry 3
#

er SM

er P

% conv

s

s AVG

1

60:40

84:16

22.0

6.3

7.1

2

58:42

87:13

18.0

7.8

Table 2.6, Entry 4: Recovered starting material: 54 mg, 46 % 1H NMR: (CDCl3, 400
MHz) ppm 7.52 (d, J = 9.2 Hz, 2 H), 6.92 (d, J = 9.2 Hz, 2 H), 4.11 (s, 1 H), 3.81 (s, 3
109

H), 3.54 (d, J = 9.6 Hz, 1 H), 3.40 (J = 9.6 Hz, 1 H), 3.18 (br, 1 H), 1.33 (s, 3 H), 1.10 (s,
3 H). 13C NMR: (CDCl3, 101 MHz) ppm 173.4, 157.0, 132.5, 121.4, 114.4, 78.5, 58.3,
55.7, 38.8, 24.8, 20.2. Optical Rotation []25D: = -14.1 (c = 0.87) CHCl3.
Stereochemical assignment made by analogy to 3-hydroxy-4,4-dimethyl pyrrolidinone.
(Table 3, Entry 2) Chiralpak AD Column 10% isopropyl alcohol in hexane, flow rate: 1
mL/min, 25 C; tR 25.3 min for (R)-enantiomer (minor) and 34.8 min for (S)-enantiomer
(major). (er = 66:34).
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Table 2.6, Entry 4: Recovered product: 80 mg, 32 %, white solid. mp range = 35-38 C.
1

H NMR (400 MHz, CDCl3) ppm 7.79-7.77 (m, 6 H), 7.48-7.36 (m, 11 H), 6.87 (d, J =

9.1 Hz, 2 H), 4.19 (s, 1 H), 3.77 (s, 3 H), 3.34 (s, 2 H), 1.19 (s, 3 H), 0.94 (s, 3 H).

13

C

NMR (101 MHz, CDCl3) ppm 171.5, 156.4, 135.8, 134.0, 132.8, 130.0, 127.8, 121.1,
114.0, 80.2, 57.4, 55.4, 38.7, 24.3, 20.9. Optical Rotation []25D: +50.5 (c = 0.78)
CHCl3. IR (neat, cm-1) 3397, 2932, 1706, 1510, 1464, 1428, 1246, 1142, 1103, 1032,
828, 709. HRMS (ESI) Calculated for (C31H31NO3Si+) (M+): 493.2067 Observed:
493.2073.
HPLC data is of the desilylated product. The same conditions as the recovered
starting materials were utilized. (er = 84:16).
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Kinetic Resolution Data for Table 2.6, Entry 4
#

er SM

er P

% conv

s

s AVG

1

66:34

84:16

32.3

6.9

6.8

2

66:34

84:16

31.7

6.8

Table 2.6, Entry 5: Recovered starting material: 81 mg, 57 % 1H NMR: (CDCl3, 400
MHz) ppm 7.55-7.47 (m, 4 H), 4.11 (s, 1 H), 3.53 (d, J = 9.5 Hz, 1 H), 3.42 (d, J = 9.5
Hz, 1 H), 1.34 (s, 3 H), 1.09 (s, 3 H).

13

C NMR: (CDCl3, 101 MHz) ppm 173.7, 138.2,
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131.9, 120.7, 117.6, 78.3, 57.5, 38.5, 24.5, 19.9. Optical Rotation []25D: = -10.1 (c =
0.85) CHCl3.
Stereochemical assignment made by analogy to 3-hydroxy-4,4-dimethyl pyrrolidinone.
(Table 3, Entry 2) Chiralpak AD Column 10% isopropyl alcohol in hexane, flow rate: 1
mL/min, 25 C; tR 19.6 min for (R)-enantiomer (minor) and 30.2 min for (S)-enantiomer
(major). (er = 62:38).
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Table 2.6, Entry 5: Recovered product: 86 mg, 31 %, white solid. mp range = 138-140
C. 1H NMR (400 MHz, CDCl3) ppm 7.78-7.75 (m, 6 H), 7.51-7.37 (m, 13 H), 4.19 (s,
1 H), 3.34 (dd, J = 15.6, 9.4 Hz, 2 H), 1.19 (s, 3 H), 0.97 (s, 3 H). 13C NMR (101 MHz,
CDCl3) ppm 172.0, 138.6, 135.8, 133.9, 131.7, 130.1, 127.8, 120.7, 117.4, 80.1, 56.8,
38.5, 24.3, 20.9. Optical Rotation []25D: +50.6 (c = 0.93) CHCl3. IR (neat, cm-1) 3067,
2874, 1712, 1589, 1488, 1360, 1328, 1145, 1114, 1003, 825, 709. HRMS (ESI)
Calculated for (C24H23BrNO2Si+) (M-Ph+): 464.0675 Observed: 464.0681.
HPLC data is of the desilylated product. The same conditions as the recovered starting
materials were utilized. (er = 74:26).
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Kinetic Resolution Data for Table 2.6, Entry 5
#

er SM

er P

% conv

s

s AVG

1

62:38

74:26

34.0

3.6

3.3

2

58:42

72:28

26.0

3.0

Table 2.6, Entry 6: Recovered starting material: 89 mg, 76 %. 1H NMR (400 MHz,
CDCl3) δ ppm 7.63 (d, J = 8.1 Hz, 2 H), 7.37 (t, J = 7.7 Hz, 2 H), 7.16 (t, J = 7.5 Hz 1 H),
4.24 (s, 1 H), 3.77 (br, 1 H), 3.54 (d, J = 9.9 Hz, 1 H), 3.45 (d, J = 9.9 Hz, 1 H), 1.70-1.50
(m, 4 H), 1.03 (t, J = 7.5 Hz, 3 H), 0.87 (t, J = 7.5 Hz, 3 H).

13

C NMR (101 MHz,

CDCl3) δ ppm 174.6, 139.0, 128.9, 124.8, 119.6, 77.4, 54.0, 43.9, 29.7, 22.7, 8.9, 8.5.
Optical Rotation []25D: = -5.1 (c = 0.90) CHCl3.
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Stereochemical assignment made by analogy to 3-hydroxy-4,4-dimethyl pyrrolidinone.
(Table 3, Entry 2) Chiralpak IC Column 10% isopropyl alcohol in hexane, flow rate: 1
mL/min, 25 C; tR 21.5 min for (R)-enantiomer (minor) and 26.0 min for (S)-enantiomer
(major). (er = 61:39).
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Table 2.6, Entry 6: Recovered product: 20 mg, 8 %, white solid. mp range = 113-116
C. 1H NMR (400 MHz, CDCl3) ppm 7.77-7.74 (m, 6 H), 7.61-7.58 (m, 1 H), 7.447.31 (m, 12 H), 7.14-7.09 (m, 1 H), 4.27 (s, 1 H), 3.48 (d, J = 9.8 Hz 1 H), 3.40 (d, J =
9.8 Hz, 1 H), 1.81-1.63 (m, 2 H), 1.49-1.30 (m, 2 H), 0.95 (t, J = 7.5 Hz, 3 H), 0.75 (t, J =
7.5 Hz, 3 H).

13

C NMR (101 MHz, CDCl3) ppm 172.3, 139.3, 135.8, 134.3, 129.9,

128.8, 127.7, 124.3, 119.5, 78.4, 52.9, 43.7, 28.8, 25.3, 8.9, 8.6. Optical Rotation []25D:
= +69.7 (c = 0.99) CHCl3. IR (neat, cm-1). HRMS (CI) Calculated for (C32H34NO2Si)
(M+H): 492.2353 Observed: 492.2346.
HPLC data is of the desilylated product. The same conditions as the recovered starting
materials were utilized. (er = 94:6).
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Kinetic Resolution Data for Table 2.6 Entry 6
#

er SM

er P

% conv

s

s AVG

1

61:39

94:6

19.6

21

20

2

60:40

95:5

18.0

20

Table 2.6, Entry 7: Recovered starting material: 60 mg, 49 %. 1H NMR (400 MHz,
CDCl3) δ ppm 7.64 (d, J = 8.2 Hz, 2 H), 7.39 (t, J = 7.7 Hz, 2 H), 7.18 (t, J = 7.3 Hz, 1
H), 4.09 (s, 1 H), 3.77 (d, J = 9.8 Hz, 1 H), 3.43 (d, J = 9.8 Hz, 1 H), 1.88-1.64 (m, 6 H),
1.39-1.28 (m, 4 H).

13

C NMR (101 MHz, CDCl3) δ ppm 173.8, 139.2, 128.9, 124.8,

119.5, 78.5, 54.0, 41.6, 35.0, 26.5, 25.6, 23.1, 22.0. Optical Rotation []25D: = -37.5 (c =
0.76) CHCl3.
Stereochemical assignment made from X-ray crystallography of the triphenyl silylprotected product. Chiralpak OD-H Column 6% isopropyl alcohol in hexane, flow rate: 1
mL/min, 25 C; tR 14.0 min for (S)-enantiomer (minor) and 17.6 min for (R)-enantiomer
(minor). (er = 97:3).
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Table 2.6, Entry 7: Recovered product: 73 mg, 29 %, white solid. mp range = 54-56 C.
1

H NMR (400 MHz, CDCl3) ppm 7.77 (d, J = 8.7 Hz, 6 H), 7.60 (d, J = 6.5 Hz, 3 H),

7.45-7.33 (m, 10 H), 7.13 (t, J = 7.0 Hz, 1 H), 4.16 (s, 1 H), 3.74 (d, J = 9.7 Hz, 1 H),
3.30 (d, J = 9.7 Hz, 1 H), 1.82-1.14 (m, 10 H).

13

C NMR (101 MHz, CDCl3) ppm

171.8, 139.6, 135.8, 134.0, 130.0, 128.7, 127.8, 124.4, 119.5, 80.3, 53.3, 41.8, 34.3, 27.3,
25.7, 22.9, 22.2. Optical Rotation []25D: = +53.7 (c = 0.83) CHCl3. IR (neat, cm-1)
3068, 2942, 2854, 1712, 1598, 1498, 1428, 1317, 1185, 1106, 904, 860, 755, 708. HRMS
(CI) Calculated for (C33H34NO2Si+) (M+H): 504.2353 Observed: 504.2332.
The compound was further characterized by X-ray crystallography confirming R absolute
configuration. HPLC data is of the desilylated product. The same conditions as the
recovered starting materials were utilized. (er = 87:13).
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Kinetic Resolution Data for Table 2.6, Entry 7
#

er SM

er P

% conv

s

s AVG

1

80:20

94:6

40.7

26

24

2

97:3

87:13

55.8

22

Table 2.7, Entry 1: Recovered starting material: 42 mg, 51 %. 1H NMR (400 MHz,
CDCl3) δ ppm 8.53 (br, 1 H), 7.54 (d, J = 7.8 Hz, 2 H), 7.32 (t, J = 7.8 Hz, 2 H), 7.12 (t, J
= 7.4 Hz, 1 H), 4.34 (q, J = 6.8 Hz, 1 H), 3.29 (br , 1 H), 1.51 (d, J = 6.8 Hz, 3 H). 13C
NMR (101 MHz, CDCl3) δ ppm 172.6, 137.1, 129.0, 124.6, 119.8, 68.8, 21.2. Optical
Rotation []25D: -14.2 (c = 0.85) CHCl3.
Stereochemical assignment made from comparison of optical rotation of the starting
material to the literature.63 Chiralpak IC Column 5% isopropyl alcohol in hexane, flow
rate: 1 mL/min, 25 C; tR 23.9 min for (S)-enantiomer (major) and 47.9 min for (R)enantiomer (minor). (er = 72:28).
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Table 2.7, Entry 1: Recovered product: 100 mg, 47% white solid. mp range = 94-96 C.
1

H NMR (400 MHz, CDCl3) δ ppm 8.68 (br, 1 H), 7.65-7.63 (m, 6 H), 7.49-7.24 (m, 13

H), 7.10 (t, J = 7.4Hz, 1 H), 4.51 (q, J = 6.7 Hz, 1 H), 1.46 (d, J = 6.7 Hz, 3 H).

13

C

NMR (101 MHz, CDCl3) δ ppm 171.8, 137.3, 135.3, 132.9, 130.6, 129.0, 128.2, 124.3,
119.5, 71.3, 21.7. Optical Rotation [α]25D: +38.3 (c = 0.95) CHCl3. IR (neat, cm-1) 3381,
3047, 1685, 1599, 1521, 1427, 1114, 911, 757, 712, 692. HRMS (ESI) Calculated for
(C27H25NO2Si+) (M+): 423.1649 Observed: 423.1645.
HPLC data is of the desilylated product. The same conditions as the recovered starting
materials were utilized. (er = 83:17).
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Kinetic Resolution Data for Table 2.7 Entry 1
#

er SM

er P

% conv

s

s AVG

1

81:19

84:16

47.2

9.9

8.5

2

72:28

82:18

40.5

7.1

Table 2.7, Entry 2: Recovered starting material: 44 mg, 49 %. 1H NMR (400 MHz,
CDCl3) δ ppm 8.37 (br, 1 H), 7.59-7.57 (m, 2 H), 7.36-7.32 (m, 2 H), 7.15-7.11 (m, 1 H),
4.26-4.22 (m, 1 H), 2.49 (br, 1 H), 2.05-1.94 (m, 1 H), 1.81 (dddd, J = 14.6, 14.6, 7.3, 7.3
Hz, 1 H), 1.05 (t, J = 7.3 Hz, 3 H).13C NMR (101 MHz, CDCl3) δ ppm 171.9, 137.2,
129.0, 124.5, 119.7, 73.6, 27.9, 9.2.
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Stereochemical assignment made from comparison of HPLC data in the literature.64
Chiralcel AD-H Column 5% isopropyl alcohol in hexane, flow rate: 1 mL/min, 25 C; tR
21.5 min for (R)-enantiomer (minor) and 26.0 min for (S)-enantiomer (major). (er =
61:39).
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Table 2.7, Entry 2: Recovered product: 92 mg, 42 % white solid. mp range = 56-59 C.
1

H NMR (300 MHz, CDCl3) δ ppm 8.57 (br,1 H), 7.65-7.63 (m, 6 H), 7.46-7.25 (m, 13

H), 7.11-7.06 (m,1 H), 4.49 (m, 1 H), 1.95-1.66 (m, 2 H), 0.95 (t, J =7.4 Hz, 3 H).

13

C

NMR (75 MHz, CDCl3) δ ppm 171.0, 137.2, 135.4, 132.9, 130.7, 129.0, 128.2, 124.4,
119.6, 75.5, 27.9, 8.3. Optical Rotation [α]25D: +40.8 (c = 0.95) CHCl3. IR (neat, cm-1)
3388, 3069, 2969, 1688, 1599, 1520, 1428, 1312, 1115, 1012, 833, 710. HRMS (ESI)
Calculated for (C28H27NO2Si+) (M+): 437.1805 Observed: 437.1805.
HPLC data is of the desilylated product. The same conditions as the recovered starting
materials were utilized. (er = 78:23).
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Kinetic Resolution Data for Table 2.7 Entry 2
#

er SM

er P

% conv

s

s AVG

1

83:17

78:22

53.6

6.9

6.6

2

77:23

79:21

48.5

6.4

Table 2.7, Entry 3: Recovered starting material: 46 mg, 48 %. 1H NMR (400 MHz,
CDCl3) δ ppm 8.53 (br ,1 H), 7.55-7.53 (m ,2 H), 7.33-7.31 (m, 2 H), 7.13-7.09 (m, 1 H),
4.08 (d, J = 3.2 Hz, 1 H), 3.36 (br, 1 H), 2.27 (dddd, J = 20.8, 13.7, 6.9, 3.2 Hz, 1 H),
1.05 (d, J = 6.9 Hz, 3 H), 0.90 (d, J = 6.9 Hz, 3 H).

13

C NMR (101 MHz, CDCl3) δ ppm

171.8, 137.1, 129.0, 124.5, 119.9, 76.6, 31.9, 19.2, 15.5.
Stereochemical assignment made from comparison of optical rotation data for the starting
material to the literature.65 Chiralpak IC Column 5% isopropyl alcohol in hexane, flow
rate: 1 mL/min, 25 C; tR 12.5 min for (R)-enantiomer (minor) and 14.3 min for (S)enantiomer (major). (er = 79:21).
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Table 2.7, Entry 3: Recovered product: 100 mg, 44 % white solid. mp range = 45-48
C. 1H NMR (400 MHz, CDCl3) δ ppm 8.38 (br, 1 H), 7.66-7.62 (m, 6 H), 7.47-7.35 (m,
9 H), 7.28-7.22 (m, 4 H), 7.09-7.05 (m ,1 H), 4.31 (d, J = 3.0 Hz ,1 H), 2.19 (dddd, J =
13.9, 6.9, 6.9, 3.0 Hz, 1 H), 1.00 (d, J = 6.9 Hz, 3 H), 0.94 (d, J = 6.9 Hz, 3 H). 13C NMR
(101 MHz, CDCl3) δ ppm 170.6, 137.0, 135.5, 132.9, 130.6, 128.8, 128.2, 124.3, 119.6,
79.5, 33.3, 18.8, 16.7. Optical Rotation [α]25D: +67.2 (c = 0.87) CHCl3. IR (neat, cm-1)
3393, 2963, 1670, 1600, 1521, 1440, 1115, 1049, 871, 740, 709, 691. HRMS (ESI)
Calculated for (C29H29NO2Si+) (M+): 451.1962 Observed: 451.1963.
HPLC data is of the desilylated product. The same conditions as the recovered starting
materials were utilized. (er = 80:20).
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Kinetic Resolution Data for Table 2.7 Entry 3
#

er SM

er P

% conv

s

s AVG

1

79:21

80:20

49.4

7.1

7.3

2

78:22

81:19

47.2

7.5

Table 2.7, Entry 4: Recovered starting material: 14 mg, 28 %. 1H NMR (400 MHz,
CDCl3) δ ppm 7.42-7.37 (m, 2 H), 7.28-7.24 (m, 1 H), 7.12-7.09 (m, 2 H), 4.54-4.50 (m,
1 H), 2.90 (br, 1 H), 1.60 (d, J = 6.9 Hz, 3 H).

13

C NMR (101 MHz, CDCl3) δ ppm

174.3, 150.3, 129.6, 126.3, 121.2, 66.9, 20.4. Optical Rotation []25D: +4.7 (c = 0.90)
CHCl3.
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Stereochemical assignment of the starting material made by analogy to 2-hydroxy-Nphenylpropanamide. (Table 4, Entry 1) Chiralpak IC Column 7% isopropyl alcohol in
hexane, flow rate: 1 mL/min, 25 C; tR 22.1 min for (R)-enantiomer (minor) and 24.3 min
for (S)-enantiomer (major). (er = 83:17).
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Table 2.7, Entry 4: Recovered product: 45 mg, 35 % colorless oil. 1H NMR (400 MHz,
CDCl3) δ ppm 7.71-7.69 (m, 6 H), 7.48-7.38 (m, 9 H), 7.33-7.29 (m , 2 H), 7.21-7.17 (m,
1 H), 6.8 (d, J = 7.7 Hz, 2 H), 4.69 (q, J = 6.8 Hz, 1 H), 1.63 (d, J = 6.8 Hz, 3 H).

13

C

NMR (101 MHz, CDCl3) δ ppm 172.1, 150.4, 135.6, 133.6, 130.2, 129.3, 127.9, 125.8,
121.3, 68.9, 21.3.

Optical Rotation [α]25D: +13.7 (c = 0.80) CHCl3. IR (neat, cm-1)

3069, 3000, 1774, 1590, 1492, 1428, 1194, 1114, 974, 738, 710.

HRMS (ESI)

Calculated for (C21H19O3Si+) (M-Ph+): 347.1097 Observed: 347.1091.
HPLC data is of the triphenylsilyl-protected products. Chialcel OD-H column 1%
isopropyl alcohol in hexane, flow rate: 1 mL/min, 25 C; tR 11.5 min for (R)-enantiomer
(major) and 15 min for (S)-enantiomer (minor). (er = 75:25).
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Kinetic Resolution Data for Table 2.7 Entry 4
#

er SM

er P

% conv

s

s AVG

1

83:17

75:25

57.5

5.6

3.9

2

69:31

61:39

63.9

2.2

Table 2.7, Entry 5: Recovered starting material: 28 mg, 32 %. 1H NMR (400 MHz,
CDCl3) δ ppm 7.40-7.33 (m, 5 H), 5.22 (s, 2 H), 4.32 (q, J = 6.8 Hz, 1 H), 2.89 (br,1 H),
1.43 (d, J = 6.8 Hz. 3 H). 13C NMR (101 MHz, CDCl3) δ ppm 175.5, 135.2, 128.6, 128.2,
128.1, 67.3, 66.7, 20.4. Optical Rotation []25D: +4.7 (c = 0.90) CHCl3.
Stereochemical assignment made by analogy to 2-hydroxy-N-phenylpropanamide. (Table
4, Entry 1) Chiralcel OD-H Column 4% isopropyl alcohol in hexane, flow rate: 1
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mL/min, 25 C; tR 14.4 min for (S)-enantiomer (major) and 16.0 min for (S)-enantiomer
(minor). (er = 79:21).
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Table 2.7, Entry 5: Recovered product: 51 mg, 23 % colorless oil. 1H NMR (300 MHz,
CDCl3) δ ppm 7.64-7.62 (m, 6 H), 7.42-7.23 (m, 14 H), 4.97 (s, 2 H), 4.49 (q, J = 6.7 Hz,
1 H), 1.46 (d, J = 6.7 Hz, 3 H). 13C NMR (75 MHz, CDCl3) δ ppm 173.3, 135.5, 133.7,
130.1, 128.5, 128.3, 128.2, 128.2, 127.9, 69.0, 66.5, 21.2.

Optical Rotation [α]25D:

+15.0 (c = 0.85) CHCl3. IR (neat, cm-1) 3429, 2956, 1721, 1443, 1429, 1178, 1033, 988,
918, 853, 710. HRMS (ESI) Calculated for (C22H21O3Si+) (M-Ph+): 361.1254 Observed:
361.1248.
HPLC data is of the desilylated product. The same conditions as the recovered starting
materials were utilized. (er = 76:24).
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Kinetic Resolution Data for Table 2.7 Entry 5
#

er SM

er P

% conv

s

s AVG

1

79:21

76:24

53.1

5.4

5.6

2

73:27

78:22

45.2

5.7
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Chapter 3 Polymer-Bound Triphenylsilyl Chloride for the Kinetic
Resolution of Secondary Alcohols
3.1 Introduction and Scope
In Chapter 1, the advantages of kinetic resolutions were highlighted. However, a
major drawback to kinetic resolutions is the ultimate separation process of the derivatized
enantiomer from the unreacted starting material. This is usually accomplished through
laborious column chromatography. This problem is a major hurdle to the use of kinetic
resolutions in industrial applications. As a result, chemists have devised several methods
to avoid chromatography separations aimed for the separation of unreacted starting
materials from the products. Most of these approaches depend upon the ability to recover
enantioenriched starting materials or products via precipitation. In this chapter, the
employment of polymer-supported silyl chlorides in the silylation-based resolution of
secondary alcohols and subsequent avoidance of chromatography will be discussed.
A variety of polymeric supports have been utilized to facilitate purification in
several organic transformations in addition to kinetic resolutions and other asymmetric
reactions.1 These approaches depend upon polymer-supported catalysts, reagents, or
substrates depending upon the reaction targeted. For asymmetric catalysis from prochiral
compounds, a polymer support containing the chiral catalyst is particularly advantageous
since these reactions are usually driven to completion. Asymmetric reactions with
polymer-bound catalysts can be employed in continuous flow reactions, and2 assuming
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no loss to catalytic activity, the polymer can be recycled indefinitely to produce
enantioenriched compounds. Many polymer-supported organocatalysts and metalorganic catalysts are known.3 The process of affixing a catalyst onto a support is
particularly vital when costly transition metal catalysts are needed. These expensive
catalysts can be more efficiently reused and are not extracted into an aqueous or organic
phases upon work up. For example, a Ruthenium-BINAP complex 3.1 bound to
polystyrene produces highly enriched secondary alcohols from ketones via transfer
hydrogenation (Table 3.1).4 The support could be utilized multiple times with only minor
loss of catalytic activity, which can be compensated for by extended reaction times. In
contrast to many other examples, the enantioselectivity of the reaction was also nearly the
same as that reported for the homogeneous reaction conditions. The benzylic alcohol, (S)1-naphthylethanol, was obtained in excellent yield and e.r. (up to 99% conversions and
99:1 e.r.) after up to 13 uses. Note portions of this chapter are published in the following
journal article and adapted here with permission from the publisher: Akhani, R.K.; Clark,
R.W.; Yuan, L.; Wang, L.; Tang, C.; Wiskur, S.L. ChemCatChem 2015, 7, 1527.
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Table 3.1 Noyori’s Polystyrene-Supported Asymmetric Hydrogenation

Classical kinetic resolutions (Scheme 3.1a) have also been carried out employing
polymer supports. As opposed to polymer-bound catalysts discussed above, a kinetic
resolution would be more advantageous when the product becomes attached to the
polymer. The principle chromatographic step is not the recovery of alcohols but the
separation of starting material from product. The polymer-bound products can potentially
be easily removed from the solution through precipitation and filtration versus
employment of expensive chromatography. Despite research surrounding solid-supported
catalysts for asymmetric reactions (Scheme 3.1)1, 3, 5 relatively little work has been done
with polymer supported reagents for the purpose of facilitating purification in kinetic
resolutions.
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Generally, there are three different approaches for the employment of polymer
supports in resolutions. A single enantiomer can be selectively polymerized in presence
of a chiral catalyst (Scheme 3.1b).6-11 An alternate method involves a polymer derivatized
with a racemic mixture of substrate.12-15 In this resolution an enantiomer is selectively
removed thus yielding an enantioenriched polymer and a free enantioenriched small
molecule in solution (Scheme 3.1c). Finally, a polymer-bound reagent can be utilized to
selectively bind an enantiomer to the support.16-19 In this case precipitation yields the
unreacted, enantioenriched starting material without the need for chromatography
(Scheme 3.1d).Specific examples of each of these methods will be discussed below.

Scheme 3.1 Approaches to Kinetic Resolutions on Polymer Supports
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3.2 Polymerization-Based Kinetic Resolutions
Recently, several polymerization induced kinetic resolutions have been reported
providing a method to isolate one enantiomer free in solution. These asymmetric
enantiomer-differentiating polymerizations20 require the use of an enantioenriched
initiator and are particularly interesting as they produce enantioenriched, isotactic
polymers with substituents on the same side of the polymer backbone. Optically active
macromolecules offer several intriguing and useful properties over ordinary polymers
such as semi-crystallinity21 or helical arrangements6. Indeed, polypeptides are
stereoenriched polymers formed from chiral amino acids. Thus, these approaches may
offer the means to synthesize polymers with secondary structures commonly found in
proteins.
Generally the viable polymerization-based resolutions are limited to monomers
that possess a stereocenter very near to or adjacent to the catalyst during polymerization.
One of the earliest successful examples is the Ziegler-Natta polymerization of chiral
olefins in the presence of chiral zirconium catalyst 3.2 (Table 3.2).7-8 The reaction
utilized methylaluminoxane (MAO) as the co-catalyst to produce isotactic polymers and
enantioenriched olefins. Selectivity factors up to 2.4 were obtained with several racemic
alkenes. A pair of diastereomeric olefins was also resolved to an e.e. of 59% and an sfactor of 16. Recall from chapter 1 that selectivity factor is the ratio of rates of the fast
reacting enantiomer vs the slow reacting enantiomer. This polymerization is notable due
to the challenges associated with stereoenrichment of simple alkenes.22
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Table 3.2 Enantioselective Ziegler-Natta Polymerization of Olefins

A variety of ring opening polymerizations have also been employed to resolve
racemic compounds and generate chiral polymers. Examples of stereoselective ring
opening polymerizations of lactones,23-24 cycloalkenes,6 and epoxides25 have been
reported. The most well studied of these is the ring-opening polymerization of epoxides.
One of the most stereoselective of these reactions is the stereoselective epoxide ring
opening utilizing bimetallic cobalt catalyst 3.4 (Scheme 3.2).9-10,

26

This asymmetric

polymerization is similar the asymmetric epoxide hydrolysis developed by Jacobsen.27
Isotactic polyethers (up to 98.8% isotacticity) are obtained at ambient temperature in
minutes using a bis(triphenylphosphine)iminium (PPN) co-catalyst. In addition to the
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polymer, the unreacted propeneoxide is obtained with an ee of 51% and selectivity factor
greater than 350.

Scheme 3.2 Enantioselective Ring-Opening Polymerization of Propene Oxide

These polymerization-based kinetic resolutions have direct application to the
production of chiral macromolecules which possess interesting chiroptical properties.28
Until recently, synthetic approaches to chiral secondary structures common in proteins,
for example helixes, beta barrels, beta sheets, etc., have been limited. Such chiroptical
properties have been observed in polymer products of polymerization-based resolutions.
A partial kinetic resolution via ring-opening metathesis polymerization utilizing chiral
ruthenium carbene 3.6 was recently reported by Grubbs (Scheme 3.3).6 The resolution
was most selective with a 1-methyloxanorbornene monomer. Selectivity-factors up to 3.0
were obtained and unreacted monomer was obtained with an ee of up to 17%.
Interestingly, the polymerization’s selectivity was found to be highly solvent dependent.
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The s-factor also changed with increasing molecular weight which was attributed to
induced secondary structure in the growing polymer chain. Monomer 3.6 possessing a
visible light absorbing azobenzene functionality was polymerized in order to probe these
secondary structures. Interestingly, circular dichroism spectra suggested that a helical
arrangement of the polymer forms and can be modified somewhat by varying solvents in
the polymerization. This is presumably a result of modifying the selectivity factor by
changing the solvent conditions.

Scheme 3.3 Kinetic Resolution via Ring Opening Metathesis

3.3 Enzymatic Kinetic Resolutions on Polymer Supports
The direct polymerization routes described above continue to be a significant
challenge to future researchers. The major disadvantages include expanding substrates
beyond those possessing stereocenters adjacent to the growing polymer chain and the
resolution of functional groups incompatible with polymerization. Fortunately, other
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approaches to polymer-based resolutions have been reported that also lead to the
simplified separation of racemates. For example, Scheme 3.4 shows the selective removal
of one alcohol enantiomer from a polyethylene glycol (PEG) polymer derivatized with
the racemic alcohol.

13-14, 29

This system required a carbonate linker that is hydrolyzed

enantioselectively by Porcine Pancreas Lipase (PPL) at 0 ºC in a hexane-phosphate buffer
solution. After the resolution, the polymer is isolated by precipitation from ether. The
unreacted starting material, for instance 1-phenylethanol, was isolated with 99% ee with
only 29% conversion of the carbonate to alcohol. For an enzyme, the selectivity factor is
termed an E-value and is calculated using the same equations for selectivity factor shown
in chapter 1. The efficiency of this reaction is therefore quite selective obtaining an Evalue30 over 200 for this substrate.

Scheme 3.4 Enzyme Induced Deprotection of Polymer-Bound Alcohols

Alternatively, the PPL enzyme has also been utilized to selectively acylate
alcohols onto macromolecule supports. Polyethylene glycol (PEG) was again used as the
polymer support (Scheme 3.5). However, in this case, the PPL enzyme catalyzed the
transesterification of one enantiomer of the carbonate 3.7 onto the polymer from a
racemic mixture.17-18 The reaction was carried out in iso-propyl ether at 45 ºC and
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required very long reaction times (9 days). Despite the sluggish reactivity, the unreacted,
enantioenriched carbonate was obtained after cooling to 0 ºC and filtration. The
recovered starting material carbonate, containing the (S)-1-phenylethanol moiety, was
isolated with an ee of 96% and an E-value of 35.
It is noteworthy that a non-enzymatic resolution using polymeric supports as a
means of separating enantioenriched starting material from products has yet to be
realized. This knowledge has provided the driving force to expand the silylation-based
resolutions developed by Wiskur31-32 to include the polymer-supported methodology.

Scheme 3.5 Enzymatic Acylation of Alcohols Utilizing a Polymer Support

3.4 Silylation-Based Kinetic Resolutions on Polymer Supports
As previously reviewed in Chapter 1 section 1.5, silylation-based kinetic
resolutions offer several advantages over other derivatizing reagents in kinetic
resolutions. Despite these advantages, relatively few examples of silylation-based
resolutions exist in comparison to acylation based methods. Resultantly, before our work
only one example of silylation-based kinetic resolution exists utilizing a polymer
support.16 This method utilized an asymmetric, dehydrogenative silicon-oxygen coupling
similar to those developed by Oestreich33 and others.34-35 These reactions utilize a copper
chloride catalyst with chiral ligands in the presence of tert-butoxide to achieve the
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silylation-based resolution of secondary alcohols. However, it was discovered that a
stereoenriched silyl ether modified polymethylhydrosiloxane PMHS performed better in
the resolution than employing chiral ligands. The environment around the silicon was the
source of stereoinduction, and chiral ligands such as (R)-BINAP had little effect on the
enantioselectivity. Therefore, the reaction could be run with achiral triphenylphosphine as
the ligand. The reaction achieved a conversion of 55% and a very modest s-factor of 2.0
with 1-phenylethanol as the substrate (Scheme 3.6). The reaction in essence required a
polymer-bound chiral derivatizing agent to achieve a resolution. In order for this
silylation-based approach to be synthetically viable, more efficient resolutions that
function catalytically in chiral materials must be realized.

Scheme 3.6 Kinetic Resolution via Silicon-Oxygen Coupling on a Polymeric Support

To the best of our knowledge, the work described in this chapter is one of the few
successful examples of the selective attachment of one enantiomer to a polymer through a
small-molecule catalyzed kinetic resolution (Sections 3.5 and 3.6 were carried out by
Ravish Akhani and the polymerization of the monomer described in Section 3.5 was
carried out by Liang Zhang in Dr Chuanbing Tang’s group). In one of our previous
studies, substitution of triphenylsilyl chloride with sterically large alkyl groups36 in the
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para-position actually enhanced selectivity37; therefore, we hypothesized that our
methodology could retain selectivity if a polymeric version of triphenylsilyl chloride was
employed. We envisioned a resolution employing a relatively low molecular weight
polystyrene silyl chloride such that the polymer should be homogeneous during the
reaction and presumably exhibit similar kinetics and reactivity when compared to
previous solution-based studies38-39 (Scheme 3.7). After completion of the reaction, the
polymer derivatized product would be precipitated from solution by methanol affording
the enriched starting material without the need for chromatography.

Scheme 3.7 Design of the Polymer-Supported Silylation-Based Resolution

3.5 Synthesis of Polystyrene Supported Triphenylsilyl Chloride
A polystyrene-supported triphenylsilyl chloride was synthesized in three different
lengths to test the effect of polymer molecular weight on selectivity in the silylationbased kinetic resolution. The polymer synthesis started with a lithium-halogen exchange
on

commercially

available

para-bromo

styrene

3.8

that

was

reacted

with

diphenylchlorosilane to generate the silane monomer 3.9 (Scheme 3.8).36 Three different
molecular weight polymers 3.10 were generated through a nitroxide-mediated radical
polymerization (NMP) with the universal initiator 3.12.40 The number-average molecular
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weight (Mn) of the silane polymers 3.10 were calculated from the crude reaction
conversions (1H NMR), ranging from 4000 to 7500 g/mol (Table 3.3) depending on the
amount of initiator employed. This equated to 13 to 25 repeating units of monomer 3.9,
respectively. These relatively low molecular weights were designed to facilitate solubility
of the polymers in the reaction mixture. The dispersity (Ð) of the polymers was around
1.2-1.3 for all three polymers (See experimental for table of all polymers prepared). Other
methods of polymerization generated much higher dispersities, presumably due to poor
reactivity of the bulky monomer. Finally, these polymers were chlorinated through a
radical chlorination with sulfuryl chloride41-42 to generate 3.11.

Scheme 3.8 Synthesis of Polystyrene-Supported Triphenylsilylchloride

154

Table 3.3 Optimization of the Polystyrene-Supported Kinetic Resolution

a

See ref.43 bData taken from previous study.37

3.6 Optimization of the Polymer-Bound Silyl Source
The kinetic resolution of racemic 4-chromanol ((±)-3.13) was performed with the
three different molecular weight silyl chloride polymers (3.11, n = 13, 20, & 25), using
standard reaction conditions developed for our previous work on kinetic resolutions with
triphenylsilyl chloride and catalyst 1.10 (Table 3.3, entries 1-3).31 These polymers are
soluble at -78 ºC in THF at the reaction concentration, fulfilling our requirement for a
homogeneous silyl chloride source. After reaction completion, the polymer product,
enantioenriched silyl ether 3.14, was isolated by removal of the reaction solvent,
followed by the addition of methanol, centrifugation, and filtration for the easy recovery
of the solid polymer product. Ultimately, the polymer length had little effect on the
selectivity of the kinetic resolution, generating selectivity factors ranging between 6 to 9
for the three polymers. The higher molecular weight polymer (Mn = 7580 g/mol, n = 25)
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was ultimately chosen for further studies, due to the increased efficiency of polymer
precipitation over the shorter polymers. Ultimately, the polymer supported reactions
showed a decrease in selectivity compared to triphenylsilyl chloride (Table 3.3, Entry 4).
This is presumably due to the changes in polar environments in the polymer-bound silyl
chloride versus Ph3SiCl.44 This hypothesis is supported by the dramatic effect solvent
polarity has on selectivity observed in previous studies31-32 (See Table 2.4, Chapter 2).
The slower diffusion of starting materials into the polymer also affected the conversion.
Therefore, additional equivalents of silyl chloride were needed when the polymer was
employed to obtain the same conversion as when triphenylsilyl chloride was employed
(0.8 equiv vs. 0.6 equiv, respectively).

3.7 Substrate Scope of the Resolution Utilizing Polymer-Bound Silyl-Chloride
Substrates that have been successfully employed in previous silylation-based
kinetic resolutions were resolved utilizing the silyl chloride polymer 3.11. Two cyclic
secondary alcohols (Table 3.4, entry 1 and 2) and two α-hydroxy lactones (Table 3.4,
entry 3 and 4) were resolved employing 1.10 and 1.5 as the catalysts, respectively.
Overall, the substrates resulted in synthetically useful selectivities, ranging from 8 to 16.
While these selectivities are lower than those obtained with triphenylsilyl chloride (Table
3.4, far right column),31-32 as discussed above, the results show that efficient resolution is
possible with this polymer-bound reagent.
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Table 3.4 Substrate Scope of the Polymer-Bound Silylchloride Method

a

See ref.43 bData taken from previous studies for lactones (Entries 3 and 4)32 and simple

secondary alcohols (Entries 1 and 2).31 Entries 1 and 2 employed iPrNCHEt2 instead of
iPr2NEt cReactions used 1.0 equiv. of 3.11 and iPr2NEt with 94 h reaction time.

To the best of our knowledge, this is the most efficient polymer-supported kinetic
resolution employing a small molecule catalyst. Additionally the need for
chromatography was eliminated by use of the silyl chloride polymer. After performing an
acid wash to remove the catalyst and amine base, the enantiomers were effectively
separated by dissolving the reaction mixture in methanol and filtering off the insoluble
polymer-bound silyl ether product. The recovered, unreacted alcohol in the filtrate was
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generally pure enough to use in further syntheses if desired. The other enantiomer was
cleanly obtained after the silyl ether polymer was reacted with tetrabutylammonium
fluoride (TBAF) and removal of the silane polymer by precipitation. Even though
multiple cycles of precipitation were needed to effectively recover the relatively short
polymer (n = 25). On large scale, this could be more advantageous than the non-polymer
supported methodology employing Ph3SiCl which required two columns. Employing
Ph3SiCl in the kinetic resolution necessitates one column to separate starting material
from product and another to isolate the deprotected product.

3.8 Recycling and Subsequent Reuse of Polymer-Bound Siyl Chlorides in
Kinetic Resolution
To show the recyclability of the silyl chloride polymer 3.11, it was employed in a
preparative scale run with the intention of recovering the polymer and employing it in a
second kinetic resolution (Scheme 3.9). The reaction was run under standard reaction
conditions using 0.6 g of racemic 3.13 and 1 g of 3.11. The selectivity factor of the first
run was 6.5, which is only a minor reduction in selectivity compared to previous smaller
scale runs. The polymer product was isolated, and the derivatized alcohol was desilylated
by reduction with lithium aluminium hydride at room temperature to obtain the silane and
the alcohol. Lithium aluminium hydride was employed over TBAF for the removal of
the alcohol in order to generate the silane polymer instead of the fluorinated silicon.
Attempts to reduce the silyl ether with diisobutylaluminum hydride (DIBAL-H) were
lower yielding and required longer reaction times. The silane was again chlorinated and
subjected to a second kinetic resolution which resulted in a comparable selectivity factor
as compared to the first run (s = 8.6). The dispersity of the recovered silanes after each
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kinetic resolution was identical to the original silane 3.10 showing that the polymer does
not degrade during the kinetic resolution or reduction (See experimental for table of
dispersity data). This highlights the ability of the polymer to be recycled without
degradation while maintaining the selectivity of the reaction, which is an important
aspect towards reducing waste and cost.

Scheme 3.9 Recycling procedure and Large Scale Resolution using PolystyreneBound Triphenylsilyl Chloride
a

See ref.43

3.9 Conclusion and Outlook
Future work will be focused on optimization of the polymer-support for the silyl
chloride to improve conversion, enantioselectivity, and polymer recoverability. Higher
molecular weight polymers will invariably be required to assist in polymer recovery. The
conversion and selectivity can most likely be improved by implementing a linker or
spacer between polymer backbone and silyl chloride (Scheme 3.10). This connection
moves the reactive site away from the relatively non-polar polymer backbone. This
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would presumably modify the microenvironment at the polymer reactive site to more
polar, solvent-like conditions. As proof of concept, these spacers have been demonstrated
to increase reactivity of polymer supported catalysts and increase in selectivity for
asymmetric catalysis reactions.45 A variety of structures have been utilized for this
purpose including alkyl, polyether, and amide linkages. This polystyrene-supported
triphenylsilylchloride with an additional linker could be more reactive than 3.11 requiring
less polymer to achieve the desired conversion. Synthesis of these polymeric silyl
chlorides could follow the procedure generally demonstrated previously in this chapter. A
monomer prepared with an ideal spacer could be polymerized followed by postpolymerization chlorination yielding a suitable polymer-supported silyl chloride for
testing in the kinetic resolution.

Scheme 3.10 Employing a Linker on the Polymer Support

In conclusion, a polystyrene-supported triphenylsilyl chloride was employed in a
silylation-based kinetic resolution for the facile separation of alcohol enantiomers. While
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this technique has been applied to enzyme catalyzed kinetic resolutions, to the best of our
knowledge this is one of the first selective small molecule catalyzed versions. Cyclic
secondary alcohols and α-hydroxy lactones were resolved with selectivity factors ranging
from 8-16, showing the viability of this approach. The enantiomers were separated by
simple filtration of the derivatized polymers, and the polymers can be recycled by
reducing the silyl ether and re-chlorinating the silicon without loss of selectivity or
polymer degradation.

3.10

Experimental

General Information
All reactions were carried out under a N2 atmosphere using oven dried glassware.
Molecular sieves were activated for 48 h at 130 °C in an oven. Tetrahydrofuran (THF)
and diethyl ether were dried by passing through a column of activated alumina before use
and stored over molecular sieves. Carbon tetrachloride was distilled, degassed and stored
over molecular sieves under argon. Sulfuryl chloride was distilled prior to use. The
monomer

3.9

1-diphenylsilyl-4-ethenylbenzene36

and

4,4-diethyl-3-

hydroxydihydrofuran-2 (3H)-one32 were prepared according to a known procedure All
other chemicals were obtained commercially and used without further purification. Flash
column chromatography was performed on silica gel (32-63 microns). 1H NMR was
taken on a Bruker Avance III (400 or 300 MHz). Chemical shifts are reported in ppm
with TMS or chloroform as an internal standard (TMS 0.00 ppm for 1H and 13C or CHCl3
7.26 ppm and 77.16 for 1H and

13

C respectively).

13

C NMR spectra were taken on a

Bruker Avance III (101 or 75 MHz) with complete proton decoupling. Data reported in
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1

H NMR are as follows: Chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q

= quartet, dd = doublet of doublet, dt =doublet of triplet, sept = septet, m = multiplet).
Enantiomeric ratios were determined via HPLC using an Agilent 1200 series using chiral
stationary phases Daicel Chiralcel OD-H or Daicel Chiralpak IC (4.6 x 250 mm x 5 µm)
columns, monitored by a diode array detector in comparison to racemic materials.
Molecular weights and dispersity (ᴆ, Mw/Mn) were determined by GPC conducted on
a Varian 390-LC system. Refractive index detector and 3×PLgel 10μm mixed-BLS
columns (300×7.5mm) were installed using THF as eluent at 30 °C. The flowing rate of
THF is set at 1.0 mL/min. The GPC system was calibrated with poly(styrene) (PS) from
Polymer Laboratories.

Nitroxide-Mediated Polymerization of 3.9
The monomer, 1-diphenylsilyl-4-ethenylbenzene, 3.9, (2.0 g, 7 mmol) and the
calculated amount of initiator 3.12 (For example polymer with repeat units of n = 13 a
12.5:1 monomer: initiator ratio was used; for repeat units of n = 20 a 20:1
monomer:initiator ratio was used) were dissolved in 6.0 ml of dry toluene and charged
into a 25 ml Schlenk flask (Scheme 3.12). The sealed system was degassed with three
freeze-pump-thaw cycles and refilled with N2. The flask was warmed in an oil bath to
123 °C. The reaction was stopped by quenching into liquid nitrogen when the conversion
of the monomer was higher than 90% as confirmed by 1H NMR of the crude product. The
product was recovered by precipitating from cold methanol twice followed by filtration.
The material was then dried under vacuum overnight.
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Polymers with different molecular weight were prepared by adjusting the molar
ratio between the monomer and the initiator. The repeating unit (n) of each polymer was
calculated from the conversion of monomer as characterized from the crude product.
Four polymers with n= 13, 20, 25, 40 were prepared. The GPC traces shows symmetric
curves (Figure 3.1) for each polymer, with the dispersity (ᴆ) between 1.2-1.3 (Table 3.4),
indicated controlled polymerization. 1H NMR spectrum of the polymer product is given
in Figure 3.2.

Scheme 3.11 Nitroxide Mediated Polymerization to Generate Polymer-Bound Silane

Figure 3.1 GPC trace of polymers of varying Mn
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Table 3.5 Molecular weight parameters of polymers characterized from GPC and
1
H NMR
Polymer
Mn (1H NMR)
Mn (GPC)
ᴆ
P13

3950

2620

1.2

P20

6130

4330

1.2

P25

7580

5590

1.3

P40

11930

6990

1.3

Figure 3.2 1H NMR spectrum of the polymer synthesized

Example Procedure for the Chlorination of Polymer-Bound Triphenyl Silane
A 50 mL round bottomed flask was equipped with stir bar. Next, 3.7 mmol of
polymer 3.10 was weighed into the vessel. The flask was then equipped with a reflux
condenser and purged with argon. The polymer was dissolved in 15 mL of CCl 4 with
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stirring. The solution was warmed to reflux then 11.1 mmol of SO2Cl2 was added via
syringe dropwise. The mixture was allowed to reflux for 3 h at which point complete
conversion was achieved as determined by 1H NMR. The solvent was removed in vacuo
to yield the chlorinated polymer 3.11 ready for use in kinetic resolution, 1.19 g, pale
yellow solid, quantitative yield.

General Procedure for the Polymer Supported Silylation-Based Kinetic Resolution
of Secondary Alcohols (GP1)
Into a 1-dram vial equipped with a stir bar and activated 4Å molecular sieves,
racemic substrate (0.4 mmol) and catalyst (0.1 mmol) was added. The vial was then
purged with argon and sealed with a septum. The starting materials were then dissolved
in 1.4 mL of THF. Base, iPr2NEt (0.32 mmol), was added via syringe and the vial was
cooled to -78 C in a cryocool for 30 mins. The cooled mixture was then treated with
0.64 mL of a freshly prepared 0.5 M polymer-bound silyl chloride solution in THF. The
reaction was left to stir a set amount of time at -78 C then quenched with 0.3 mL of
methanol. The solution was left to warm to room temperature then the contents of the vial
were extracted into a 4-dram vial with ethyl acetate. Concentration gave an oil which was
diluted with 20 mL of ethyl acetate. The resulting solution was washed with 5% HCl
followed by saturated aqueous NaHCO3. The organic layer was then dried over sodium
sulfate, filtered and concentrated. The starting material was precipitated from the product
by addition of methanol (5-10 mL). The polymer was filtered away and the supernatant
concentrated. The precipitation process was repeated three times. Removal of the
methanol afforded the starting material. Further purification on column chromatography
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(ethyl acetate hexanes mixtures) was required to provide the starting material suitable for
conversion to the benzoate ester or separation on chiral stationary phase HPLC.
General Procedure for the Deprotection of Polymer-Bound Products
The polymer-bound product obtained by vacuum filtration was weighed into a 4dram vial equipped with stir bar and septum. The polymer was then dissolved in 1 mL of
THF with stirring and treated with 1 mL of TBAF (1 M in THF). The reaction was
monitored via TLC. (1:3 EtOAc: hexanes). The reactions were generally complete in less
than 2 h. The reaction was then quenched with brine, extracted with diethyl ether three
times and dried over a sodium sulfate silica gel mixture and filtered. Concentration via
rotovap afforded an oil. Subsequent purification on silica gel column chromatography
(ethyl acetate hexanes mixtures) afforded the deprotected products suitable for
conversion to the benzoate ester or separation on chiral stationary phase HPLC.
General Procedure for the Benzoylation of Secondary Alcohols32
A 4-dram vial containing the lactone was fitted with a stir bar and a septum.
DMAP (0.1 equiv.) was weighed and added to the vial. The mixture was then dissolved
in 2 mL of dichloromethane with stirring. Triethyl amine (2.0 equivalents) was added via
syringe and the vessel was cooled to 0 C in an ice bath. Benzoyl chloride (1.4
equivalents) was then added drop wise via syringe and the reaction was left to stir for 30
mins at which point TLC of the crude indicated reaction was complete. The reaction was
quenched with saturated sodium bicarbonate and extracted three times with
dichloromethane. The combined organic layers were then dried over sodium sulfate.
After concentration the crude was then purified via silica gel column chromatography
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(1:9 EtOAc: hexanes) to obtain the desired benzoylated lactone. The benzoate esters were
then analyzed by HPLC using chiral stationary phases.

Table 3.6 Silylation-based Kinetic Resolution of 4-Chromanol Varying the
Molecular Weight of Polymer Supported Silyl Source

Entry

n

er SM

er P

% conv.

s

Avg

1

13

72:28

16:84

39.8

7.9

7.5

73:27

18:82

42.4

7.1

73:27

21:79

44.2

5.9

71:29

23:77

44.0

5.0

78:22

15:85

44.9

9.7

79:21

16:84

46.0

9.0

70:30

14:86

35.5

8.8

71:29

17:83

39.2

7.4

2

3

4

20

25

40

5.5

9.4

8.1

Analytical Data and HPLC Data for Kinetic Resolutions

Table 3.4, Entry 1: 34 mg, 54 % recovered. 1H NMR NMR (400 MHz, CDCl3) δ ppm
7.31 (d, J = 8.2 Hz, 1 H), 7.23-7.19 (m, 1 H), 6.95-6.90 (m, 1 H), 6.84 (d, J = 8.2 Hz, 1
H), 4.78, (t, J = 3.9 Hz, 1 H), 4.32-4.24 (m, 2 H), 2.15-1.86 (m, 3 H).
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13

C NMR: (101

MHz, CDCl3) δ ppm 154.6, 129.7, 129.6, 124.3, 120.6, 117.0, 63.2, 61.9, 30.8. HPLC
separation31 was achieved on Chiralpak OD-H Column 2% isopropyl alcohol in hexane,
flow rate: 1.3 mL/min, 25 C; tR 23.3 min for (S)-enantiomer (major) and 30.3 min for
(R)-enantiomer (minor). (er = 63:37).
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Table 3.4, Entry 1: 51 mg. HPLC data is of the desilylated product following GP2, 13
mg, 20 % yield. The same conditions as the recovered starting materials were utilized. (er
= 87:13).

Entry

er SM

er P

% conv.

s

Avg

1

63:37

13:87

26.7

8.3

8.2

2

65:35

14:86

30.1

8.1
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Table 3.4, Entry 2: 39 mg, 58 % recovered. 1H NMR: (300 MHz, CDCl3) δ ppm 7.33
(d, J = Hz, 1 H), 7.19-7.15 (m, 2 H), 7.10-7.04 (m, 1 H), 4.83 (dd, J = 4.7, 3.2 Hz, 1 H),
3.33 (dt, J = 24.5, 12.3, 3.0 Hz 1 H), 2.91-2.84 (m, 1 H), 2.41-2.32 (m, 1 H), 2.12-2.01
(m, 1 H), 1.74 (d, J = 4.7 Hz, 1 H).

13

C NMR: (75 MHz, CDCl3) δ ppm 134.5, 133.1,

130.3, 128.4, 126.7, 124.3, 66.6, 30.0, 21.5.

HPLC separation31 was achieved on

Chiralpak OD-H Column 5 % isopropyl alcohol in hexane, flow rate: 0.6 mL/min, 25 C;
tR 23.4 min for (S)-enantiomer (major) and 29.7 min for (R)-enantiomer (minor). (er =
72:28).
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Table 3.4, Entry 2: 69 mg. HPLC data is of the desilylated product following GP2, 19
mg, 28 % yield. The same conditions as the recovered starting materials were utilized. (er
= 89:11).
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Entry

er SM

er P

% conv.

s

Avg

1

72:28

11:89

36.3

12.1

11.9

2

70:30

11:89

33.8

11.6

Table 3.4, Entry 3: 16 mg, 31 % recovered. 1H NMR (400 MHz, CDCl3) ppm 4.13 (s,
1H), 4.00 (d, J = 8.9 Hz 1H), 3.95 (d, J = 8.9 Hz 1H), 2.93 (br, 1H), 1.24 (s, 3H), 1.09 (s,
3H).

13

C NMR (101 MHz, CDCl3) ppm 177.7, 76.4, 75.8, 40.9, 22.9, 18.8. The

recovered starting material was converted to the benzoylated ester according to GP3 for
HPLC analysis. HPLC separation was achieved on Chiralpak OD-H Column 6 %
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isopropyl alcohol in hexane, flow rate: 1 mL/min, 25 C; tR 13.2 min for (R)-enantiomer
(minor) and 15.7 min for (S)-enantiomer (major). (er = 60:40)
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Table 3.4, Entry 3: 67 mg. HPLC data is of the desilylated product following GP2, 10
mg, 19% yield. The desilylated alcohol was then benzoylated according to GP3 for
HPLC analysis. The same conditions as the benzoylated starting materials were utilized.
(er = 88:12)

Entry

er SM

er P

% conv.

s

Avg

1

37:63

91:9

24.9

12.2

10.8

2

40:60

88:12

21.1

9.4
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Table 3.4, Entry 4: 29 mg, 46 % recovered. 1H NMR: (400 MHz, CDCl3) ppm 4.22
(s, 1 H), 4.00 (d, J = 9.3 Hz, 1 H), 2.73 (br, 1 H), 1.69-1.38 (m, 4 H), 0.99 (t, J = 7.4 Hz,
3 H), 0.91 (t, J = 7.4, 3 H). 13C NMR: (101 MHz, CDCl3) ppm 178.3, 74.7, 73.1, 46.7,
28.1, 21.5, 8.5, 8.1. The recovered starting material was converted to the benzoylated
ester according to GP3 for HPLC analysis. HPLC separation was achieved on Chiralpak
IC column 15 % isopropyl alcohol in hexane, flow rate: 1 mL/min, 25 C; tR 22.6 min for
(S)-enantiomer (major) and 32.7 min for (R)-enantiomer (minor). (er = 63:37).
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Table 3.4, Entry 4: 111 mg. HPLC data is of the desilylated product following GP2, 10
g, 16% yield. The desilylated alcohol was then benzoylated according to GP3 for HPLC
analysis. The same conditions as the benzoylated starting materials were utilized. (er =
91:9).
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Entry

er SM

er P

%conv.

s

Avg

1

63:37

7:93

23.6

18.3

16

2

63:37

9:91

23.9

13.6

Procedure for Large Scale Kinetic Resolution
A 15 mL round bottomed flask was equipped with stir bar, 4Å molecular sieves and
septum. Next, 600 mg (4.0 mmol) of 3.13 4-chromanol and 204 mg of 1.9 levamisole
(0.1 mmol) was added under argon and the vessel sealed. The alcohol was dissolved in 22
mL of THF with stirring. Next, 0.56 mL of iPr2NEt was added via syringe. The mixture
was cooled to -78 °C in a cryocool for 15 mins. The polymer-bound silyl chloride 3.11
was added as a solution (0.74 M, 4.3 mmol) via syringe dropwise. The mixture was left to
react at -78 °C for 48 h then quenched with 1 mL of methanol. The solution was left to
warm to room temperature then the contents of the vessel were extracted with ethyl
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acetate. Concentration gave an oil which was diluted with 100 mL of ethyl acetate. The
resulting solution was washed with 5% HCl followed by saturated aqueous NaHCO3. The
organic layer was then dried over sodium sulfate, filtered and concentrated. The starting
material was precipitated from the product by addition of methanol (20 mL). The
heterogeneous polymer solution was centrifuged for 30 mins. The supernatant was
concentrated and the precipitation process followed by centrifugation was repeated a total
of three times. Removal of the methanol afforded the starting material. Further
purification on column chromatography (ethyl acetate hexanes mixtures) was required to
provide the starting material suitable for separation on chiral stationary phase HPLC.
(0.21 g, 35% recovered alcohol) The combined pellets from the centrifugation process
were dried under vacuum to provide the polymer-bound silyl ether free of alcohol and
other impurities. (0.91 g)

Recycling Procedure: Reduction of the Polymer-Bound Silyl Ether
A 50 mL round bottomed flask was equipped with stir bar and septum. The polymerbound silyl ether 3.14 from the above large scale reaction was then weighed into the flask
(455 mg, 1.1 mmol). The vessel was purged with argon and the solid was dissolved in 6.5
mL of THF. The solution was cooled to 0 °C and lithium aluminum hydride (4.4 mL, 1.0
M in THF) was added drop wise via syringe. The reaction was left to stir for 15 mins at 0
°C then allowed to warm to ambient temperature. The mixture was allowed to stir for 24
h at which point 1H NMR indicated complete conversion. The solution was again cooled
to 0 °C and quenched with a few drops of acetone. The mixture was then diluted with 50
mL of ethyl acetate. The aluminum byproducts were decomposed by treatment with 75
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mL of 5% HCl. The organic layer was then separated and the aqueous layer extracted
with ethyl acetate (3x 50 mL). The combined organic layers were washed with saturated
aqueous NaHCO3, dried of sodium sulfate and filtered. The product was precipitated
from the polysilane by addition of methanol (20 mL). The heterogeneous polymer
solution was centrifuged for 30 mins. The supernatant was concentrated and the
precipitation process followed by centrifugation was repeated again for a total of three
times. Removal of the methanol afforded the free product. Further purification on column
chromatography (ethyl acetate hexanes mixtures) was required to provide the starting
material suitable for separation on chiral stationary phase HPLC. (95 mg, 16% yield) The
combined pellets from the centrifugation process were dried under vacuum to provide the
polymer-bound silyl ether free of alcohol and other impurities. (224 mg, 42% yield over
two steps)
Analytical Data: Large Scale Kinetic Resolution

Scheme 3.10, Run 1: 212 mg, 35 % recovered. HPLC separation was achieved on
Chiralpak OD-H Column 2% isopropyl alcohol in hexane, flow rate: 1.3 mL/min, 25 C;
tR 20.3 min for (S)-enantiomer (major) and 25.3 min for (R)-enantiomer (minor). (er =
78:22).
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Scheme 3.10, Run 1: 911 mg. HPLC data is of the desilylated product following
reduction with LiAlH4, 95 mg, 32 % yield. The same conditions as the recovered starting
materials were utilized. (er = 79:21)

Entry

er SM

er P

1

78:22

21:79

181

% conv.
48.8

s
6.5

Recycling Procedure: Chlorination of Polymer-Supported Triphenyl Silane
A 15 mL round bottomed flask was equipped with stir bar. Next, 0.71 mmol of polymer
isolated from the above reduction was weighed into the vessel. The flask was then
equipped with a reflux condenser and purged with argon. The polymer was dissolved in
2.9 mL of CCl4 with stirring. The solution was warmed to reflux then 2.1 mmol of
SO2Cl2 was added via syringe dropwise. The mixture was allowed to reflux for 3 h at
which point complete conversion was achieved as determined by 1H NMR. The solvent
was removed in vacuo to yield the chlorinated polymer ready for use in kinetic
resolution, 227 mg, quantitative yield. The chlorosilane was used again in the kinetic
resolution.

Kinetic Resolution Utilizing Recycled Polymer-Supported Silyl Chloride
The same procedure as the large scale reaction was followed with 0.8 mmol of 4chromanol 3.13, 0.2 mmol of 1.9 levamisole, 0.64 mmol of iPr2NEt. The recycled
polymer-bound chlorosilane was added as a solution (0.9 mL, 0.71M in THF). The
centrifugation procedure yielded the polymer-bound silyl ether free of impurities. (181
mg) The alcohol was purified further via column chromatography (ethyl acetate hexanes
mixtures) for HPLC analysis. (56 mg, 47 % recovered alcohol)

Reduction of the Recycled Polymer-Bound Silyl Ether
The recycled polymer-bound silyl ether was reduced following the same procedure as
above using 0.42 mmol of polymer and 1.7 mmol of lithium aluminum hydride (1.0 M in
THF) in 2.6 mL of THF. Centrifugation yielded the polymer free of alcohol and ready for
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further recycling. ( 103 mg, 56 % over two steps) The desilylated alcohol was further
purified via column chromatography (ethyl acetate hexanes mixtures) to yield the product
suitable for HPLC analysis. (34 mg, 28% yield)

Analytical Data: Kinetic Resolution Utilizing Recycled Polymer-Bound Silyl
Chloride

Scheme 3.10, Run 2: 56 mg, 47 % recovered. HPLC separation was achieved on
Chiralpak OD-H Column 2% isopropyl alcohol in hexane, flow rate: 1 mL/min, 25 C; tR
23.3 min for (R)-enantiomer (minor) and 30.3 min for (S)-enantiomer (major). (er =
71:29).
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Scheme 3.10, Run 2: 181 mg. HPLC data is of the desilylated product following
reduction with LiAlH4, 34 mg, 28 % yield. The same conditions as the recovered starting
materials were utilized. (er = 85:15)
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Entry

er SM

er P

1

71:29

15:85
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% conv.
37.8

s
8.6

3.11
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Chapter 4 Mechanistic Investigations of a Silylation-Based Kinetic
Resolution: Reaction Progress Kinetic Analysis
4.1. Introduction and Scope
In this chapter, the endeavors to understand the mechanism of the triphenylsilyl
chloride-based resolution of secondary alcohols will be discussed. Despite similarities to
the asymmetric acyl transfer kinetic resolutions developed by Birman, relatively little is
known about the intermediate or overall mechanism involved specifically in the
silylation-based resolution. Herein, the effort to develop a kinetic model for the reaction
employing reaction progress kinetic analysis (RPKA) is highlighted.
The isothiourea catalyzed acylation-based resolution discovered by Birman1-3 has
been thoroughly studied and is relatively well understood. As mentioned in chapter 1, this
resolution and related reactions are capable of enriching a variety of alcohols to include
secondary benzylic alcohols with excellent selectivities (Scheme 4.1) utilizing
benzotetramisole 1.5 and related catalysts. The proposed diastereomeric transition state
4.1 is thought to be facilitated by favorable π-π stacking interaction between the alcohol
and the isothiourea catalyst (Scheme 4.1). This hypothesis was supported by
computational analysis of related acylations of secondary alcohols catalyzed by related
isothiourea catalysts.4 Birman has also found that these non-bonding interactions at the
transition state are important in the resolution of other substrates including the resolution
of azlactones3 and lactones.5 Additionally, a decrease in enantioselectivity between
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catalysts 1.5 and levamisole 1.10 has been attributed to this favorable intramolecular
interaction.1 Levamisole 1.10 lacks the extended π-system that the benzo moiety affords
to benzotetramisole 1.5. The experimental result of a lower selectivity with levamisole vs
benzotetramisole further corroborates the computational findings in regards to the
transition state structure 4.1.

Scheme 4.1 Acylation-Based Kinetic Resolution Developed by Birman including
Proposed Transition State

Previously, a linear-free energy relationship study6 was employed to probe the
silylation-based resolution developed by Wiskur.7 This investigation utilized two
different benzylic alcohols, 4-chromanol and α-tetralol, and a variety of synthetically
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prepared8 triarylsilyl chlorides bearing para-electron-withdrawing or para-electrondonating groups (EWG or EDG; Scheme 4.2). The alkyl EDG were found to significantly
slow the rate of reaction as well as increase the selectivity factors for the kinetic
resolution for both of the aforementioned alcohols. Conversely, the rate increased and the
selectivity factor degraded when para-EWGs were employed. The sterics of the
substitutents were also found to have a small effect on enantioselectivity through
evaluation of the Charton parameters,9-11 but the electronic effects12 of the substituents
were found to be far more important to enantioselectivity. The results were consistent
with increase in negative charge or decrease in positive charge at the transition state13
consistent with structures proposed by Bassindale14-15 (See section 4.7 for a discussion of
plausible intermediate structures). The enantioselective step was proposed to proceed
through a tetravalent intermediate with an SN2-like alcohol attack on the catalystactivated silyl chloride. This is based upon the selectivity increasing effect of sterically
demanding substituents in the para-position of several triarylsilyl chlorides. The
knowledge gained from this linear free energy mechanistic investigation has led to the
use of more enantioselective silyl sources bearing EDG alkyl groups in the para-position.
Use of these triaryl silyl sources has expanded the substrate scope to include 2arylcylcohexanols16 and inspired a polymer-supported methodology.17

193

Scheme 4.2 General Approach to Linear-Free Energy Relationship Studies

With the data from the LFER study in hand, we next turned our attention to other
methods of determining a viable, complete mechanistic picture. A collaborative
computational study has to date not been successful. However, the kinetic evaluation of
2-arylcycloalcohols in the homobenzotetramisole2 (2.4) catalyzed acylation-based
resolution sparked our interest towards this route of investigation. In this recent
investigation, a thorough kinetic model for the acylation based kinetic resolution was
realized.18 After kinetic investigations, the mechanistic cycle was determined to most
likely proceed via the mechanistic cycle shown in Figure 4.1. A pre-equilibrium was
found to exist between free catalyst and acylated catalyst (2.4) and (4.2) which favored
the free catalyst. This equilibration step was supported by 1H NMR analysis of various
mixtures of catalyst and propanoic anhydride. The rate determining step was
demonstrated to be the acylation of the alcohol. Overall, the order was found to be third
order with alcohol, catalyst and anhydride demonstrated to each be first order.

194

This study was able to gather kinetic data by employing the RPKA method of analyzing
kinetic data pioneered by Blackmond.19 The RPKA method has been successfully utilized
to investigate a variety of complex, catalytic reactions.20-25

Figure 4.1 Mechanistic Cycle for the Asymmetric Acylation of 2-Arylcyclohexanols

195

Figure 4.2 Proposed Mechanistic Cycle for the Silylation Reaction

4.2. Reaction Progress Kinetic Analysis: an Overview
The kinetic analysis techniques developed by Blackmond19 allows the investigator
to gather kinetic data in fewer experiments than classical approaches and run the kinetic
experiments under conditions similar to actual reaction conditions. This avoids the use of
reagents in ten-fold excess common to classic approaches.26-27 Instead, the reaction
progress is monitored at experimental reaction conditions from approximately 15-80%
conversion via an in situ analytical technique, commonly NMR or IR spectroscopy. Since
the kinetic experiments are designed under similar conditions from optimized conditions,
these reactions can be more accurate to the true catalytic cycle by avoiding the large
excesses of different reagents.
Since all mechanistic investigations are based upon hypothesis, we first sought to
propose a catalytic cycle for the silylation-based kinetic resolution (Figure 4.2). Based
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upon the knowledge gained from kinetic analysis of the Briman’s acylation, we too
proposed the reaction proceeds through a pre-equilibrium step between free catalyst and
silylated catalyst (1.10 and 4.5, Figure 4.2). The presumed rate determining step is
thought to be the enantioselective step, the silylation of the alcohol (4.6) to form product
(k2, Figure 4.2). It is unknown what affect base has on rate. It had been demonstrated in
previous studies7 that changes in base structure had a measurable effect on
enantioselectivity. Despite this, we hypothesized the base would act as an HCl scavenger
after the rate determining step and therefore have no effect on rate (k3, Figure 4.2).
With a proposed catalytic cycle in hand, focus was next placed on determining a
kinetic equation which matches our proposed mechanism. If an equilibration step occurs
prior to a second rate determining step, the rate for the silylation reaction can be
characterized by the diagram shown in Figure 4.3. Because k2 is much smaller than k1, or
k2<<k1, we can invoke the pre-equilibrium approximation28 which assumes that the
reactants, silyl chloride and catalyst, are in equilibrium with the active species 4.5. If this
is the case, the rates of formation of intermediate (A, equation 4.1) and destruction of
intermediate (B and C, equation 4.2) eventually equal one another. The intermediate can
either be destroyed by reaction to form product or disassociation to form free catalysts
and silyl chloride. As a result of the stability of silyl ethers,29 we also assume the
formation of product (pathway C) is irreversible; therefore, k-2 is considered negligible.

Figure 4.3 Employing the Pre-Equilibrium Approximation
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We can now write the rate law for each of these individual steps (equations 4.1
and 4.2) in terms of formation of intermediate (rateA) or destruction of intermediate (rateB
+ rateC).

Equation 4.1

Equation 4.2
Invoking the equilibrium approximation as discussed above indicates rate A and
rateB+C are equal during a reaction at steady state. This yields equation 4.3 which contains
two concentration values that are unknown: concentration of intermediate 4.5 and
concentration of free catalyst 1.10.

Equation 4.3

We can use a simple equation that describes the equilibrium between free and
silylated catalyst to remove the unknown concentration of free catalyst [1.10]. The initial
concentration of catalyst must equal the sum of the concentrations of the free and bound
catalyst. This gives us equation 4.4 which we can rearrange to equation 4.5 to yield an
equation that equals the concentration of free catalyst in terms of a known concentration:
initial catalyst concentration.
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Equation 4.4

Equation 4.5

Recall from equation 4.3 we had the conundrum of having two unknown
concentrations: free catalyst [1.10] and intermediate [4.5]. We can insert equation 4.5 in
for [1.10] to yield equation 4.6 that contains only species 4.5 as the unknown
concentration. We can then solve for the unknown species 4.5 by following the algebraic
steps outlined in equations 4.6-4.10.

Equation 4.6

Equation 4.7

Equation 4.8

Equation 4.9

Equation 4.10
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Finally, we must look at the catalytic cycle to determine our proposed rate
determining step. If pathway C from Figure 4.3 is the rate determining step, the rate is
dependent upon k2, alcohol concentration [4.6], and intermediate concentration [4.5]
(equation 4.11). Since we have used the equilibrium approximation demonstrated above
to find [4.5], we can substitute equation 4.10 in for the unknown intermediate
concentration to yield the overall rate equation 4.12.

Equation 4.11

Equation 4.12
The overall rate equation depicted above is no simple equation. The alcohol and
silyl chloride appear in both the numerator and the denominator meaning simple integer
orders with respect to these substrates may not be possible. Moreover, the equation is
complicated by an unknown rate constant k-1 that is additive in the denominator without
an associated concentration. We can remove this rate constant by dividing the numerator
and denominator by k-1 to yield the rate equation in the one-plus form where rate
constants are given as a, b and c (Equation 4.13).

Equation 4.13
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Even after this simplification the concentrations of alcohol and silyl chloride
appear in the rate equation in the numerator and denominator. This is further complicated
by the fact that they are both changing since they are consumed as the reaction
progresses. This major difficulty is solved by using a new term “excess” which is defined
as the difference in initial concentration of alcohol 4.6 and silyl chloride 4.4. We can use
the stoichiometry of the silylation reaction shown in Figure 4.2 to assume that for every
molecule of product that is formed, a molecule of alcohol and silyl chloride must be
consumed. In this way we can monitor only one species, alcohol or silyl chloride, and
know by default the concentration of the other species. We must only know the
difference in initial concentrations. Another implication of this stoichiometry is the fact
that the excess must remain constant throughout the reaction. This principle gives us
equation 4.14 which we can rearrange to show the silyl chloride concentration in terms of
[“excess”] which is a constant and alcohol which we can monitor via in situ analytical
techniques.

Equation 4.14

Equation 4.15

With the hypothetical kinetics of the reaction understood, we sought an analytical
technique to measure the alcohol concentration throughout the reaction. In situ IR was
selected as the analytical technique for this investigation since the kinetic resolution is
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carried out at -78 ºC, a costly temperature to analyze a reaction employing NMR. Rate
data from previous LFER studies6 using in situ IR spectra were found to be accurate and
reproducible; therefore, this method of analysis was applied to the kinetic analysis of a
silylation-based reaction. An alcohol from this previous study, (R)-tetralol was also
selected for analysis. We have selected the (R)-enantiomer since it is the fast reacting
enantiomer when silylated with triphenylsilyl chloride by levamisole 1.10 as catalyst
(Scheme 4.3).7 By using a single enantiomer we make the rate data less complicated since
the rate of the slow reacting enantiomer proceeds at a different rate. A resolution of a
racemic mixture is a reaction with two competing rates of reaction. Subsequent kinetic
studies will vary the quantities of reagents to determine each substrates effect on rate with
respect to the fast reacting enantiomer.

Scheme 4.3 General Reaction for Kinetic Experiments

Regardless of the analytical method employed, the data for an RPKA study is
generally processed as shown for one of our kinetic experiments below. The primary data
obtained from monitoring a reaction in all studies discussed in this chapter is absorbance
(A). The absorbance is directly related to the concentration of product according to
Beer’s Law (Equation 4.16) with path length and molar absorptivity as constants.
Aliquots are removed during the reaction and analyzed via 1H NMR in order to determine
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the fraction conversion (See experimental section for details). This conversion data is
then used to determine the remaining alcohol starting material concentration [ROH] by
using the fraction conversion (x) and initial alcohol concentration (Equation 4.18 and
4.19). With the alcohol concentration and associated absorbance known at each aliquot
point, a plot can be prepared where absorbance is the y-axis and concentration of alcohol
[ROH] is the x-axis. The slope of this line when the y-intercept is set to the absorbance at
t0 corresponds to the molar attenuation coefficient for the product multiplied times path
length both of which are constants (ε and l, respectively, Figure 4.4). Note that all data
have been smoothed with an adjacent three points averaging. The purpose of subtracting
the initial absorbance from the observed absorbance is to force the data to start at an
absorbance of zero to give a zero start point for concentration (Equation 4.17).

Equation 4.16

Equation 4.17

Equation 4.18

Equation 4.19
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Figure 4.4 Employing NMR Analysis to Determine IR Concentration Data
Reaction was run with 0.25 equiv. of catalysts, 1.2 equiv. of silyl chloride and 1.2 equiv. of
iPr2NEt according to Scheme 4.3. Alcohol concentration data was determined by 1H NMR of
aliquots taken during the reaction.

With the product of path length and molar absorptivity obtained as described
above, the concentration of alcohol can be calculated for each absorbance data point by
employing the Beer’s Law equation. Furthermore the percent conversion or product
conversation can also be obtained by subtracting the alcohol concentration at each time
from the starting alcohol concentration. This data is plotted together with time on the xaxis and the percent conversion on the y-axis the NMR data obtained above to confirm
both methods give the same conversion data (Figure 4.5, green curve). This ensures the
data obtained from the in situ IR is accurate throughout the experiment.
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Figure 4.5 Verifying the Conversion from IR Data with NMR Analysis
Reaction was run with 0.25 equiv. of catalysts, 1.2 equiv. of silyl chloride and 1.2 equiv.
of iPr2NEt according to Scheme 4.3. Alcohol concentration data was determined by 1H
NMR.

With concentration of product [P] obtained at every point of reaction time from in
situ IR measurements, the rate of the reaction can now be determined. In fact, the rate of
the entire reaction can be observed at each measured point by taking the derivative of an
equation that fits the concentration over time data. This is one of the advantages of the
RPKA approach, a large quantity of rate data is produced from a single run. To
accomplish this conversion versus time data was fit to a 9th -11th order polynomial
equation employing a mathematical program (Origin version 6.6 or PolySolve version
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3.7). The derivative of this polynomial equation through the use of the power rule yields
d[P]/dt, or rate. Recall that prior to polynomial fit all data was smoothed through simple
adjacent three points averaging. This smoothing step facilitates the non-linear curve
fitting process. For our example reaction, the derivative of the polynomial fit is shown;
therefore, a plot is produced containing rate vs time data (Figure 4.5, red curve). Note
that fraction conversion and not percent conversion are used for the data that is fitted to
the polynomial in order to conform to equation 4.19.
The rate data obtained from this method can then be plotted in various ways to
form graphical rate equations. These graphical approaches are advantageous as they offer
the ability to quickly analyze and understand kinetic data. A classic approach to analyze
the kinetics of reactions primarily deals with a large excess of a reagent and the first 10 to
15% of reaction progress. For the graphical rate data discussed in this chapter, the rate
data corresponding to 15% to 80% conversion is utilized. This conversion range
corresponds to the first turnovers of catalyst to the last turnover of catalyst and represents
steady state conditions for the reaction. The steady state refers to a reaction state in a
constant rate of conversion; therefore, the graphical rate approaches discussed here
become inaccurate for induction periods or at high conversions. This is not to be
confused with the steady state approximation which is an approximation based upon a
different catalytic cycle from our proposed mechanism. Again, we propose a slow second
step which would conform to pre-equilibrium conditions.
For our silylation reaction, we have demonstrated the method for the
determination of alcohol concentration [ROH] at each time-point. A graphical rate
equation of rate on the y-axis and [ROH] on the x-axis produces a simple graphical rate
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equation which can provide valuable information. The reaction proceeds from right to left
on these graphs as the concentration of the starting material is consumed (Figure 4.6).
Elementary first order reactions, reactions that only have one substrate that is first order,
would demonstrate a straight line plot with respect to substrate. However, for our
proposed pre-equilibrium like mechanism further evaluation of the data is required to
determine orders with respect to each reagent, catalyst, and substrate. This is because of
the complex nature of the equation derived previously (Equation 4.13).19 These simple
graphical rate equations are useful to discriminate between zeroth and positive order with
respect to substrates and catalysts for complex reactions. For example, a demonstration of
zeroth order in a reactant can be obtained relatively simply. If a reactant is varied while
holding the other reagents’ concentration constant, overlay of data from the two runs
when plotted as rate versus substrate concentration would suggest zeroth order in the
varied substrate. An example of this will be demonstrated for the base concentration in
the silylation-based resolution (Figure 4.13). Otherwise, determining the order more
accurately (1st, 2nd, 3rd, fractional) with respect to substrate or reagent requires further
interrogation of the data. In each of the following sections methods to interrogate the data
will be discussed in further detail.
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Figure 4.6 Simple Graphical Rate of the Silylation-Based Reaction
Reaction was run with 0.25 equiv. of catalysts, 1.2 equiv. of silyl chloride and 1.2 equiv. of
iPr2NEt according to Scheme 4.3. Alcohol concentration data was determined by 1H NMR.

In the following sections a variety of these graphical rate equations are explored
to determine the order with respect to the alcohol 4.6, silyl chloride 4.4, base and catalyst
1.10. These graphical equations will also be utilized to refute catalyst degradation and
product inhibition.

4.3. Turnover Frequency Study: Determination of Catalyst Reaction Order
We first turned our attention to the catalyst, and the effect on overall rate of
catalyst concentration. According to our presumed catalytic cycle the reaction should be
overall first order with respect to catalyst. It is common for silyl species to form
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pentavalent30-31 and even hexavalent species in the presence of Lewis base.32 In order to
demonstrate the reaction is proceeding with only one catalyst molecule bound to the
silicon, a series of four experiments were designed. These reactions were carried out
keeping the concentration of silyl chloride and alcohol constant while changing the
catalyst concentration from 15-50 mol % with respect to alcohol (Scheme 4.6). These
reactions are analyzed under the same “excess” i.e. the difference between alcohol and
silyl chloride concentrations are the same for all experiments. This is possible because the
concentration of the catalyst appears only once in the numerator of equation 4.13.

Scheme 4.4 General Reaction for Turnover Frequency Experiments

We first plot a simple graphical rate equation of rate on the y-axis and alcohol
concentration on the x-axis. From the data of the simple graphical rate equation (Figure
4.7) the catalyst has an expected positive effect on rate, such that the rate increases with
each increase in initial catalyst. Also notable from these plots is the failure to reach full
conversion despite an equimolar concentration of silyl chloride to alcohol. The data from
these runs was further evaluated by dividing the rate by initial catalyst concentration
[1.10]o, a constant, to yield the turnover frequency (TOF). This normalizes the data,
eliminating initial catalyst concentration from the numerator of equation 4.13 to yield a
new equation 4.20.
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Figure 4.7 Demonstration of Positive Order in Catalyst
Reaction was run with the shown mol% of catalyst, 1.0 equiv. of silyl chloride and 1.0 equiv.
of iPr2NEt according to Scheme 4.3.

Equation 4.20

By removing the catalyst from the numerator the rate should now no longer be
dependent upon catalysts concentration, assuming the correct order with respect to
catalyst is chosen. In this case we have chosen an order of one in catalyst to plot. When
TOF is plotted on the y-axis and substrate concentration [ROH] is plotted on the x-axis,
the different runs overlay. This suggests the reaction is first order in catalyst (Figure 4.8).
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The shape of these plots is irrelevant. The goal of these plots is overlay of the data. The
non-linear shape of the reaction (Figure 4.6) is retained in these plots due to the fact that
the rate is normalized to a constant as opposed to the other approaches to be discussed
later (Section 4.4).
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Figure 4.8 Overlay of Turnover Frequency versus Alcohol Concentration
Reaction was run with the shown mol% of catalyst, 1.0 equiv. of silyl chloride and 1.0
equiv. of iPr2NEt according to Scheme 4.3.

4.4. Different Excess Studies of Alcohol and Silyl Chloride
A series of experiments were then carried out to determine the order of two
substrates, silyl chloride and alcohol, in the overall kinetic scheme. Based upon our
hypothetical catalytic cycle the kinetic resolution should demonstrate it is first order in
alcohol (Figure 4.2). The order in silyl chloride may be either first order or zeroth order
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depending upon the magnitudes of k1 and k-1 that exists between free catalyst and
complexed catalyst 1.10 and 4.5, respectively. If for instance k1 is large and k2 is small, a
build-up of active species 4.5 occurs. Thus the resting state of the catalyst would be the
catalyst-silylchloride complex and the b-term from equation 4.13 would become large.
This would cause the silyl chloride order to become fractional even to a point where the
reaction becomes “saturated” with silyl chloride and thus has no significant effect on rate.
This is termed pseudo-zeroth order. An order of one with respect to silyl chloride could
occur if k2 is large, such that the rate determining step is k1 over k-1, which is the Keq for
the catalyst complexation. Therefore, the reaction would become zeroth order in alcohol
as the Keq becomes dominant and rate determining.
With this general knowledge, we designed a series of experiments with different
“excess” concentrations. We ran four trials with varying silyl chloride concentration from
0.75 to 2.0 equivalents while holding the alcohol concentration constant. The base
concentration was also varied to match the silyl chloride concentration (Scheme 4.7).

Scheme 4.5 General Reaction for “Different Excess” Experiments

The selected reagent or substrate to vary is of no consequence, since the term
excess is the constant difference between silyl chloride and alcohol (Equation 4.15). As
long as the difference between initial concentrations of alcohol and silyl chloride are
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known, graphical rate equations can be produced that monitor both species at once. When
the order of alcohol is first order, a plot of rate normalized to alcohol concentration
versus the silyl chloride concentration should yield a straight line with overlay of the
different data even though they were obtained with different excess. Again, dividing the
rate equation 4.13 by alcohol concentration removes it from the numerator of the rate
equation to produce a new equation shown below as equation 4.21. If the correct power is
chosen for alcohol concentration [4.6] (i.e. first order) and the c term is negligible the
data is should theoretically form a straight line with overlay of data. Note here that both
alcohol concentration and silyl chloride concentration are both changing as the reaction
progresses. This is in stark contrast to the TOF data in section 4.3.

Equation 4.21

When all four reactions from scheme 4.5 are plotted as rate normalized to alcohol
concentration a straight line forms. Additionally, excellent overlay of data makes it
abundantly clear that the alcohol is first order employing the range of conditions shown
(Figure 4.9). The c-term in equation 4.21 is negligible.
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Figure 4.9 Determining the Order with Respect to Alcohol with “Different Excess”
Protocol
Reaction was run with the shown 25 mol% of catalyst, the shown equivalents of silyl chloride
with an equivalent of iPr2NEt to match the silyl chloride concentration. See Scheme 4.3.

We next plotted same data from the four runs in scheme 4.5 in a different manner
in order to determine the silyl chloride order. A simple graphical rate equation
demonstrates a positive effect of silyl chloride concentration on rate (Figure 4.10). Each
increase in silyl chloride concentration results in an overall increase in rate.
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Figure 4.10 Demonstrated Positive Order in Silyl Chloride
Reaction was run with the shown 25 mol% of catalyst, the shown equivalents of silyl chloride
with an equivalent of iPr2NEt to match the silyl chloride concentration. See Scheme 4.3.

As previously described for the alcohol data, a plot of rate normalized to silyl
chloride concentration versus the alcohol concentration should also yield a straight line of
data. Good overlay would be observed if the catalytic system is first order in silyl source.
When the rate equation 4.13 is divided by silyl chloride concentration, equation 4.22 is
produced. In this case an integer order would suggest the b-term is negligible when data
plotted versus alcohol on the x-axis results in overlay. A fractional order less than one
would suggest the b-term dominates, which would signal Michaelis-Menton kinetics are
likely.
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Equation 4.22
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Figure 4.11 Determining the Order with Respect to Silyl Chloride with “Different
Excess” Protocol
Reaction was run with the shown 25 mol% of catalyst, the shown equivalents of silyl
chloride with an equivalent of iPr2NEt to match the silyl chloride concentration. See Scheme
4.3.

When these data are plotted, the data does not overlay suggesting a non-integer
order with respect to triphenylsilyl chloride (Figure 4.11). With this knowledge in hand,
we next modified the order with respect to silyl chloride until an order of 1.5 produced
the ideal straight line plots with overlay (Figure 4.12). Similar scenarios have been
discovered in a copper catalyzed oxidative coupling reaction.25 Based upon this study our
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result of 1.5 order in silyl chloride suggests an alternate pathway involving two molecules
of silyl source occurs on the catalytic cycle. Obviously, our proposed mechanistic cycle is
inaccurate with respect to silyl chloride. A proposed alternate catalytic cycle is needed;
equation 4.13 does not accurately describe the kinetics of the silylation. An alternate
proposed cycle is discussed further in section 4.8.
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Figure 4.12 Overlay of Data with Higher Order in Silyl Chloride
Reaction was run with the shown 25 mol% of catalyst, the shown equivalents of silyl chloride
with an equivalent of iPr2NEt to match the silyl chloride concentration. See Scheme 4.3.
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4.5. Same Excess Study: Implications for Catalyst Degradation
Next, two experiments were analyzed which possessed a “same excess” of silyl
chloride with respect to alcohol while varying the alcohol concentration. This reaction
determines whether the reaction suffers from catalyst deactivation or product inhibition.
Two experiments were designed with two different alcohol concentrations to begin the
reaction. One run had 80 mM (from our standard reactions discussed above) whereas the
other had an alcohol concentration of 40 mM. Both reactions were reacted with 1.5
equivalents of silyl chloride and base relative to the starting alcohol concentration
(Scheme 4.8). This produces an “excess” of 40 mM of silyl chloride to alcohol for both
runs.

Scheme 4.6 General Reaction Conditions for the “Same Excess” Studies

The same excess experiment seeks to compare the last few turnovers of a reaction
to another reaction that has just begun to convert alcohol to product. This is equivalent to
setting up the reaction half way through the reaction. The same excess allows the two
reactions to be compared directly and graphically in order to implicate catalyst
degradation or deactivation. Adjusting the time33 of the second, lower 40 mM
concentration to match the 40 mM concentration point in the 80 mM allows the two
reactions to be directly compared. If they overlay, then the catalyst is not degrading or the
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product formed does not inhibit the reaction produces. The overlay of the two sets of data
in Figure 4.13 suggests that the catalytic cycle of the kinetic resolution is not affected
from either of the aforementioned problems. In the silylation reaction, the catalyst
proceeds at the same rate whether it has just begun to convert silyl chloride or has
converted half of the initial substrate.
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Figure 4.13 Time-Adjusted “Same Excess” Experiment
Reaction A and B were run with 25 mol% of catalyst and 1.5 equivalent each of silyl chloride
with and iPr2NEt. Reaction A used 80 mM of alcohol; Reaction B used 40 mM of alcohol. See
Scheme 4.6.

4.6. A Case of Zeroth Order with Respect to Base: Initial Rate Investigations
The investigations to explore the hypothesized mechanistic scheme also
determined the effect of base concentration on initial rate. Initial rate data was simpler
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to analyze for the base. Since we were primarily interested in the first 10-15%
conversion for these reactions, all reactions were analyzed with a rapid collection (1
scan per 5 seconds) using in situ IR spectroscopy and the aforementioned processing
techniques.

Scheme 4.7 General Reaction for Rate Determination with Respect to Base

Since we were interested in initial rate, we utilized reaction conditions similar
to our LFER study6 which utilized 50 mol% of catalyst and one equivalent of silyl
chloride with respect to the alcohol. This series of duplicate experiments with ranging
base concentrations from 40-240 mM base (0.5 to 3.0 equivalents of base, Scheme
4.9) indicated there was no appreciable effect on rate when the initial base
concentration was changed (Figure 4.14).
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Figure 4.14 Initial Rate Investigations with Various Base Concentrations
Reaction was run with 50 mol% of catalyst and 1 equivalent of silyl chloride. The equivalents
of iPr2NEt are shown. Each point is an average of two runs. See experimental for data on each
experiment. The 3.0 equivalents of iPr2NEt experiment was a single run. See Scheme 4.7.

To insure the base has no effect on rate late in the reaction a simple graphical rate
equation was constructed like those used previously for catalyst and silyl chloride. Two
runs were compared when plotted as rate on the y-axis and alcohol concentration on the
x-axis (Figure 4.15). These plots produced excellent overlay despite a three equivalents
excess base in one run. This overlay of data strongly supports a fast deprotonation step
(k3, Figure 4.2) in the mechanistic cycle. If the base was indeed having a positive effect
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on reaction rate poor overlay would be expected like those shown previously for catalyst
and silyl chloride as evident in Figures 4.7 and 4.10, respectively.
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Figure 4.15 Graphical Rate Equation with Varied Base Concentration
Reaction was run with 50 mol% of catalyst and 1 equivalent of silyl chloride. The equivalents of
iPr2NEt are shown. See Scheme 4.7.

4.7. Stereogenic at Silicon Silyl Chlorides as Chiral Probes
With this kinetic data in hand, we next turned our attention to the proposed
transition state and intermediate structure. The transfer of chirality should proceed with
retention of stereochemistry at silicon if a true double SN2 type transformation15 occurs
(Scheme 4.8).
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Scheme 4.8 Proposed Double Inversion Pathway at Silicon

Stereochemical outcomes for a variety of reactions employing stereogenic at
silicon compounds are well studied.30-31,

34-35

Based upon previous investigations, it is

known that both pentavalency and tetravalency at silicon is common. The formation of
pentavalent silyl species has been implicated in the racemization of chiral silanes. 31 Thus,
the structure of the intermediate 4.5 may be either tetravalent or pentavalent. Several
attempts to isolate or analyze this intermediate via low temperature and ambient
temperature NMR have been unsuccessful. An experiment-based approach to explore this
species was therefore designed whereby a stereoenriched silyl chloride could be used as a
chiral probe in the kinetic resolution.
The most well studied chiral silane is the methylphenylnaphthylsilane and its
derivatives.36 This silane has routinely been utilized as a chiral probe in complex
mechanisms. The stereochemical outcomes of this particular chiral silane in a variety of
reactions including reductions37, hydrolysis38, or other substitutions39-40 are known.
The enantioenriched silane was prepared in a four-step synthesis according to a
reported procedure.41-42 The racemic methoxymethylnaphtylphenyl silane was prepared
in excellent yield by displacing a methoxy group from dimethoxymethylphenyl silane
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with 1-naphtylmagnesium bromide in a ternary mixture of ether, toluene and THF
(Scheme 4.9).

Scheme 4.9 Synthesis of Enantioenriched Silane Precursor

The methoxy group is then exchanged with an L-menthoxy group under base
catalyzed conditions. Toluene is used as the solvent to remove methanol in an azeotrope,
thereby facilitating reaction completion. The mixture of diastereomers is enriched in a
classical resolution using pentane at -78 ºC to crystallize a single diastereomer (Scheme
4.10). The yields for this reaction were quite moderate, 22% based on the single
diastereomer.

Scheme 4.10 Classical Resolution of Stereogenic Silanes
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Next, the chiral auxiliary is removed with a stereoretentive lithium aluminum
hydride reduction in refluxing dibutylether. This provides the stereoenriched (98% ee)
silane after chromatographic purification in good yield (Scheme 4.11).

Scheme 4.11 Stereoretentive Reduction of Silyl Ether with LiAlH4

The final step to prepare the stereoenriched silylchloride has presented a
significant challenge. Attempts to chlorinate the silane utilizing sulfuryl chloride6, 17 in
CCl4 have been inconsistent. The desired chlorosilane has only been obtained in
stereoenriched form on two occasions utilizing this method (Scheme 4.12). Loss of the
naphthyl group was frequently observed as well as racemization of the silyl chloride
utilizing this approach.

Scheme 4.12 Stereoretentive Chlorination with Sulfuryl Chloride
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In order to solve this problem, the previously reported methods were attempted. 40,
42

The originally reported synthesis of enriched chlorosilane (-)-4.9 employed chlorine

gas in CCl4 chilled to 0 ºC (Scheme 4.13). Due to the high cost of chlorine, a small
quantity of dry chlorine was generated from HCl and KMNO4 for this transformation.43
Unfortunately, this reaction led to complete decomposition of the silane via loss of the
naphthyl group as observed in previous sulfurylchloride induced chlorinations.

Scheme 4.13 Attempted Chlorination with Chlorine Gas

The chlorination of this silane has also been reported using benzoyl peroxide as a
radical initiator in CCl4.40,

44

In these reactions the radical initiator facilitates chlorine

abstraction from the solvent. Attempts to chlorinate the silane from this benzoylperoxideCCl4 method were very sluggish using both pressure vessels and refluxing CCl4. Full
conversions were never achieved. This problem was further complicated since the silane
starting material and initiator impurities could not be removed from the desired product
using recrystallization or trituration.
Enough of the enantioenriched chlorosilane was prepared according to Scheme
4.12 for several preliminary studies. Recall, we initially hypothesized retention of
configuration via a double inversion type mechanism of substitution would be observed
(See Scheme 4.8). The first of these experiments utilized (R)-tetralol and 0.25 equivalents
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of catalyst 1.10 and 1 equivalent of the enantioenriched chlorosilane 4.9 since similar
conditions utilized for all kinetic investigations (Scheme 4.14).

Scheme 4.14 Stereoenriched Chlorosilanes for the Silylation of (R)-Tetralol

The product of this reaction was isolated and analyzed. Unfortunately, the
diastereomeric ratio was difficult to determine from HPLC and GC-MS. It was estimated
to possess a d.r. of 59:41 from deconvolution of 1H NMR spectra. The silyl ether was
reduced in a stereoretentive45 fashion with DIBAL-H at ambient temperature (Scheme
4.15). Analysis of the silane on HPLC indicated an e.r. of 56:44 enriched in the (S)enantiomer by comparison to the authentic (R)-enantiomer. Overall, these results indicate
significant racemization accompanied by inversion of stereochemistry at silicon. This
result is in contrast to the double inversion mechanism proposed earlier (Scheme 4.8).6
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Scheme 4.15 Stereoretentive Reduction of a Diastereomeric Silyl Ether

With the intriguing results of the silylation of (R)-tetralol with chiral silane 4.9 in
hand, we next focused on a control experiment. We hypothesized that the enantioenriched
alcohol could be responsible for the observed significant racemization at silicon since a
pair of diastereomers were formed in these reactions. The active species is thought to be
in equilibrium with catalyst and free silyl chloride. Thus the diastereomeric mixture of
intermediates may have led to the observed racemization. In order to control this, the
reaction was thus reattempted with an achiral alcohol, cyclohexanol. Additionally, the
catalyst 1.5 was utilized as the catalyst since both enantiomers are commercially
available, and it had been demonstrated to be significantly more enantioselective in the
silylation-based resolution of lactones16, 46(Scheme 4.16).
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Scheme 4.16 Stereoenriched Chlorosilanes for the Silylation of Cyclohexanol

When cyclohexanol was employed as the alcohol and 1.5 as catalyst a similar
overall inversion of stereochemistry was again observed. The level of enantioenrichment
in the silyl ether was significantly higher with an e.r. of 74:26 in the (R)-enantiomer as
determined from HPLC and comparison to reported optical rotation data (Scheme 4.16).47
In this experiment, aliquots were removed throughout the reaction to determine the
relationship of reaction time and e.r. of the product. All aliquots had similar levels of
enantioenrichment (See experimental section). Unfortunately, the conversion of these
aliquots was difficult to determine from 1H NMR of the crude samples. The volatility of
cyclohexanol further eroded the confidence in conversion data as determined by GC-MS.
Further investigations should seek to employ a less volatile achiral alcohol. One
candidate is 2-indanol which possesses the similar topologies to the benzylic alcohol
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substrate class.7 Unfortunately, further important investigations using stereoenriched silyl
chlorides as probes in the reaction have yet to be realized.

Scheme 4.17 Plausible Explanation for Inversion of Configuration at Silicon

One possible explanation for the observed racemization is by substitution of the
silyl chloride with chloride ion. Alternatively, pentavalent intermediate structures have
been implicated in racemization pathways; therefore, these structures cannot yet be ruled
out entirely. Interestingly the reaction inverts the stereochemistry at silicon. One
possibility is the alcohol may approach the silylated catalyst from the catalyst side
(Scheme 4.17). We presume that the catalyst inverts the stereochemistry based upon the
wealth of examples that demonstrate the chloride leaving group prefers inversion of
stereochemistry.48 The limited quantity of data gained thus far suggests the backside
attack proposed in our previous studies may not be valid. More experimentation than the
few experiments discussed previously are needed to further solidify or refute this
hypothesis. Interestingly, this type of approach would be consistent with the transition
states invoked by Birman1, 4 such as transition state 4.1. In our silylation-based kinetic
resolution, the catalyst may play an important role in stabilizing and directing the
approaching alcohol more so than was previously thought.
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4.8. Overall Mechanistic Picture Based on Kinetic Investigations and Other
Mechanistic Studies
With the variety of mechanistic investigations completed to date including chiral
probe reaction, kinetic and linear-free investigations allow us to propose a more accurate
mechanistic picture. From kinetic evaluations the rate equation can be written in power
law form as demonstrated by equation 4.23.

Equation 4.23
The rate of reaction is independent of base concentration. Also as predicted in our
presumed mechanistic cycle (Figure 4.2) the reaction is first order in alcohol and catalyst.
Interestingly, the reaction is highly dependent upon silyl chloride concentration. The
cause for this phenomenon is intriguing. In order for a greater than one order in silyl
chloride to occur, more than one molecule of silyl chloride must be required on the
mechanistic cycle. Since the order is not quite second order, this suggests a more
complex reaction occurs only part of the time. Initially, it was hypothesized that the
chloride ion in the intermediate structure may be responsible for the 1.5 order in silyl
source. It is known from other mechanistic studies involving chlorosilanes that the
chloride ion leaving group forms various complex silyl species in situ. For instance, this
ligation of silyl chlorides with free chloride formed upon catalyst complexation has been
implicated in the non-stereoselective allylation background pathways investigated by
Denmark.32, 49 In our system, the chloride ion formed upon catalyst complexation could
conceivably coordinate with another triphenyl silyl chloride according to the equilibrium
shown in Scheme 4.18.

231

Scheme 4.18 Hypothetical Intermediates to Explain Order in Silyl Chloride

This pathway is supported by the stability of relative penatavalent silanes such as
Ph3SiF250 which is isolatable and usable for the silylation of alcohols without the need for
catalysts. The penatavalent silane complex 4.10 would thus be considerably more
reactive than the presumed triphenylsilyl chloride catalyst complex 4.5. This alternative
pathway could offer a less stereoselective pathway to product. The formation of 4.10 may
also explain the partial racemization observed in reaction employing stereoenriched silyl
chloride (Scheme 4.14 and 4.16). Fully understanding these possible pathways are
paramount to increasing the efficiency of the silylation-based methodology.
In order to test this hypothesis, a series of reactions have been designed. These
studies will employ an additive to attempt to control the fate of the free chloride ion.
Non-coordination ions have been demonstrated to remove chloride via precipitation of
NaCl in metal catalyst activations.51-52 Presumably the addition of an equivalent of
sodium tetrakis (3,5-trifluormethylphenyl)borate (NaBArF) would remove the chloride
from solution (Scheme 4.19).
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Scheme 4.19 Removal of Chloride with a Non-Coordinating Anion

In order to determine the effect on order with respect to silyl chloride, two
different excess studies with an equivalent of the non-coordinating anion to silyl source
(Scheme 4.19) producing overlay would implicate the pathway described in Scheme 4.18.
Alternatively, the addition of a soluble chloride source such as tetrabutylammonium
chloride or crown ether sodium chloride complex could further exacerbate and contribute
to a background reaction involving pentavalent silyl chloride complex 4.10 (Scheme
4.20). Failure to overlay kinetic data in two separate different excess experiments would
support a complex formation like 4.10. Additionally, the pentavalent Ph3SiCl2 may even
be reactive enough to silylate an alcohol without the presence of catalyst; therefore,
supporting the presumption of a pentavalent triphenylsilyl chloride with similar reactivity
to the catalyst activated species 4.5. A highly reactive pentavalent silyl chloride would
undoubtable result in an undesired background reaction.
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Scheme 4.20 Chloride Containing Additive in the Silylation Reaction

4.9. Conclusions and Outlook
To date, additional mechanistic investigations have been carried out to determine
the complete mechanism of a triphenylsilylchloride based kinetic resolution catalyzed by
chiral isothioureas. Kinetic evaluations determined that the reaction was first order in
catalyst and alcohol. The sterically hindered base, iPr2NEt, had no effect on reaction rate
suggesting a fast deprotonation step occurring after the rate determining step.
Interestingly, the reaction was found to be highly sensitive to chlorosilane concentration.
A 1.5 overall order in triphenylchlorosilane suggests that a variety of unknown activated
species form during the reaction. Experiments employing a chiral silylchloride as the
silicon source provided stereochemical information for the reaction. Both reactions tested
demonstrated inversion of stereochemistry with significant amounts of racemization
occurring during silylation of the alcohol. This result does not support the backside attack
hypothesis developed form linear free energy relationship studies.6 The racemization
discovered in these reactions combined with the sensitivity observed to silyl chloride in
kinetic data point to a more complicated mechanism than that represented in Figure 4.2.
Further investigations are clearly needed and several approaches have been described in
this chapter.
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Figure 4.16 Overall Mechanistic Picture after Mechanistic Investigations

Nevertheless, a new and improved mechanistic cycle can be proposed from the
wealth of knowledge gained from these direct mechanistic investigations performed
herein (Figure 4.16). A pre-equilibrium most likely occurs between the catalyst 1.10 and
silyl chloride. This equilibrium presumably lies towards free catalyst due to our previous
inability to observe the active complex; however, a significant quantity of active species
is formed as evidenced by the positive order in silyl chloride and alcohol. If only a trace
quantity of active species is formed, pseudo-zeroth order in alcohol would be expected.18,
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The active species formed in the pre-equilibrium then reacts with alcohol in the rate

determining step k3 or reacts with additional silyl chloride to form more complex
structures like 4.10. These more activated complexes would be highly reactive and
contribute significantly to the overall rate as evidenced in our different excess studies
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with varied silyl chloride. Once the silicon-oxygen bond is formed the base scavenges
HCl to regenerate the active catalyst. The catalyst in this reaction is not affected by
catalyst degradation or product inhibition.
In order to test this proposed mechanism more fully, computational studies similar
to those done for the acylation-based reactions should be pursued. Particularly, the
transition state structure of the active species 4.5 alcohol bond formation would be
particularly vital to a thorough understanding of the mechanism. Next steps also include
generation of a new rate law for this new cycle and subsequent testing against the data
already obtained. Additionally the additive control experiments should produce
meaningful data to confirm or deny the existence of the active complex species proposed
here.
In addition to the additive control experiments discussed previously (Schemes
4.19 and 4.20) other kinetic experiments could produce meaningful and vital results. For
example, the 2-arylcylcohexanol substrate class has been optimized to utilize a tris(paraisopropylsilyl) chloride as the silyl source (Li Wang).16 This silyl source is significantly
more selective than triphenylsilyl chloride when utilized with benzylic alcohols as well.
This increase in selectivity was attributed to electon-donating stabilization of a late
transition state in the silylation reaction.6 However, the kinetic investigations discussed
here suggest a significant side reaction occurs when utilizing triphenylsilyl chloride. It is
conceivable that electron donating groups on the chlorosilane could limit complexation
by free chloride anion (See Scheme 4.18). Additional kinetic experiments can be used to
dispel or corroborate this possibility. Using the reaction progress approach, only two
experiments at different excess of the triarylsilylchloride 4.12 would be required. If the
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data of the two runs of 0.75 and 1.5 equivalents of silylchloride overlay when plotted in
the same fashion as Figure 4.11, this would support this hypothesis and suggest the side
reaction (k2, Figure 4.16) is responsible for a non-enantioselective background reaction.

Scheme 4.21 Evaluating the Kinetics of Alternate Silyl Sources

In addition to the addition kinetic experiments and mechanistic experiments
discussed above, the knowledge we have gained from the kinetic investigations should be
utilized to improve the existing silylation-based kinetic resolution. Efforts should be
made to make the reaction more selective. It would be important to test additional silyl
sources in the resolution of alcohols. We know from previous investigations46 that the
triaryl moiety is vital to obtaining enantio-discrimination; however, very little work has
been done with variations to the leaving group on the silyl source. Electronic effects at
silicon are important to selectivity with electron-donating groups being most beneficial.
Altering the leaving group to be less electronegative and less nucleophilic could also
hinder the side reaction proposed in Figure 4.16.
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Scheme 4.22 Alternate Triphenylsilyl Sources in the Kinetic Resolution

Unfortunately, triarylsilyl sources bearing leaving groups other than chlorine,
bromine or triflate are not commercially available. Many other potential silyl sources
have simply not been tested in Lewis base catalyzed silylation reactions.29 In Scheme
4.22, several silyl sources are proposed that could possibly be utilized for silyl transfer.
Silylated carboxylates, 4.13 and 4.14, can be prepared via several methods.29,
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Moreover, the silyl sources containing the trifluoroacetate leaving group have been
utilized successfully for the protection of alcohols.55 These carboxylate leaving groups
provide the advantage of simple tunability of the electronics to yield structures like 4.15.
Electron-withdrawing groups like those shown would yield a reactive silyl source bearing
a less nucleophilic leaving group as compared to chloride. These properties may limit
more competitive side reaction pathways from occurring and improve the selectivity of
the reaction.
In conclusion, the experiments described above represent an overview of possible
future study. The silylation-based kinetic resolution developed and studied herein has
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relatively unlimited potential. The next principle concern should be to understand more
clearly the complex side reaction and ultimately control this undesired pathway. Efforts
to make the reaction more economically feasible should be attempted to include increased
reaction temperature. Unfortunately, Lewis base catalyzed silylation reactions are known
to be highly entropically driven31, 56 and thus highly ordered at the transition state. This
property would make the selectivity of the reaction highly temperature dependent.
Despite this, the reaction should be attempted at higher temperatures, especially for
substrates exhibiting high selectivities (s > 30) at -78 ºC, to demonstrate the applicability
of the reaction on industrial scale. Continued study into substrate scope expansion is also
necessary and will be benefited by the mechanistic investigations detailed in this chapter.
Truly, the scope of study encompassing the silylation-based kinetic resolution appears
restricted only by the imagination of the researchers.

4.10.

Experimental

General Information
Infrared spectra were obtained with a Mettler Toledo iCIR 10 in situ IR bearing a silicon
probe. The data was processed using iC IR version 4.3.27 and spectra from ~900-1200
cm-1. Each kinetic study employed flame dried glassware under argon atmosphere. Flame
dried volumetric flasks were used for the preparation of all stock solutions. Dry THF was
obtained via passage through a column of activated alumina and stored over four
angstrom sieves. Carbon tetrachloride was distilled, degassed, and stored over 4 Å sieves.
Sulfuryl chloride was distilled prior to use. Chlorine gas was generated from HCl and
KMnO4 and dried according to a known method.43 (R)-tetralol (>97 % ee) was obtained
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from TCI and used without further purification. (R)-methylnaphthylphenylsilane (+)-4.8
(98 % ee) was prepared according to a previously reported method.41 Cyclohexanol was
distilled and stored over molecular sieves prior to use. All 1H NMR

13

C NMR spectra

were obtained using a Bruker AVANCE III 400 MHz or 101 MHz in CDCl3 with TMS as
the internal standard.
General Procedure for Kinetic Analysis Experiments
A three necked conical reaction vessel was flame dried, equipped with flea and 4 Å
sieves, and sealed with septum. The vessel was then purged with argon and the ReactIR
probe was inserted. The air background was taken then the IR was set to record spectra.
The sieves were suspended in the specified amount of dry THF listed for each
experiment. The solvent was then cooled to -78 ◦C in a dry ice/ acetone bath and allowed
to equilibrate for 10 minutes. A stock solution of starting materials (alcohol, catalyst, and
base) was prepared in a volumetric flask and added via syringe. A stock solution of
Ph3SiCl was prepared in a volumetric flask and addition was made to the starting material
mixture with a syringe. The t0 was typically 30 minutes. Data was recorded throughout
the experiment at 1 spectrum every 15 seconds. Initial rate data was obtained at a rate of
1 spectrum every 5 seconds. Aliquots (~80 µL) were removed with a syringe and
quenched immediately with methanol. Data from the IR was processed according to the
procedure described in section 4.2. Actual amounts of starting materials and reagents
utilized per each run are listed below.
Determining Reaction Progress- 1H NMR
Integration of the proton geminal to the oxygen in the product and starting material yields
accurate conversion data from crude aliquots (~80 µL). The product proton is observed as
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a triplet at 4.96 ppm, and the starting material is observed as a triplet at 4.79 ppm. The
integrals for both peaks are normalized to a sum of 100 to determine the percent
conversion. The below spectra (Figure 4.17) indicates 44.3% conversion. This NMR data
corresponds to aliquot number five at eight minutes reaction time corresponding to the
data point in Figure 4.3.

Figure 4.17 Determination of Conversion from Aliquots and NMR Analysis

Experiments with Varied Catalyst Loading
50 mol % [Cat]
A stock solution of starting materials was prepared under argon in a 1 mL volumetric
flask using THF as the solvent. The following amounts were utilized: 54.2 mg, 0.366
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mmol of (R)-tetralol, 37.5 mg, 0.183 mmol of levamisole 1.10, 64 µL, 0.367 mmol of
iPr2NEt. The solution was thoroughly mixed under argon by taking the solution into the
dry syringe followed by returning the solution to the volumetric flask under argon. Prior
to addition of starting materials, the reaction vessel was filled with 2.1 mL of THF using
a syringe. Once the THF had cooled to -78 ◦C, 810 µL of the starting material solution
was added. Finally, the reaction was initiated with 840 µL of a stock solution of silyl
chloride which was prepared in a 2 mL volumetric flask using 210.4 mg, 0.715 mmol of
silyl chloride. Overall, the initial concentrations in mM of alcohol, silyl chloride and
catalyst were: [ROH]: 78.99 [Ph3SiCl]: 80.05 [Cat]: 39.73.
35 mol % [Cat]
A stock solution of starting materials was prepared under argon in a 1 mL volumetric
flask using THF as the solvent. The following amounts were utilized: 54.3 mg, 0.366
mmol of (R)-tetralol, 26.0 mg, 0.127 mmol of levamisole 1.10, 64 µL, 0.367 mmol of
iPr2NEt. The solution was thoroughly mixed under argon by taking the solution into the
dry syringe followed by returning the solution to the volumetric flask under argon. Prior
to addition of starting materials, the reaction vessel was filled with 2.1 mL of THF using
a syringe. Once the THF had cooled to -78 ◦C, 810 µL of the starting material solution
was added. Finally, the reaction was initiated with 840 µL of a stock solution of silyl
chloride which was prepared in a 2 mL volumetric flask using 210.4 mg, 0.715 mmol of
silyl chloride. Overall, the concentrations in mM of alcohol, silyl chloride and catalyst
were: [ROH]: 79.15 [Ph3SiCl]: 80.05 [Cat]: 27.50.
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25 mol % [Cat]
A stock solution of starting materials was prepared under argon in a 1 mL volumetric
flask using THF as the solvent. The following amounts were utilized: 54.2 mg, 0.366
mmol of (R)-tetralol, 18.7 mg, 0.0915 mmol of levamisole 1.10, 64 µL, 0.367 mmol of
iPr2NEt. The solution was thoroughly mixed under argon by taking the solution into the
dry syringe followed by returning the solution to the volumetric flask under argon. Prior
to addition of starting materials, the reaction vessel was filled with 2.1 mL of THF using
a syringe. Once the THF had cooled to -78 ◦C, 810 µL of the starting material solution
was added. Finally, the reaction was initiated with 840 µL of a stock solution of silyl
chloride which was prepared in a 2 mL volumetric flask using 210.3 mg, 0.715 mmol of
silyl chloride. Overall, the concentrations in mM of alcohol, silyl chloride and catalyst
were: [ROH]: 78.99 [Ph3SiCl]: 80.03 [Cat]: 19.77.
15 mol % [Cat]
A stock solution of starting materials was prepared under argon in a 1 mL volumetric
flask using THF as the solvent. The following amounts were utilized: 54.2 mg, 0.366
mmol of (R)-tetralol, 11.2 mg, 0.0548 mmol of levamisole 1.10, 64 µL, 0.367 mmol of
iPr2NEt. The solution was thoroughly mixed under argon by taking the solution into the
dry syringe followed by returning the solution to the volumetric flask under argon. Prior
to addition of starting materials, the reaction vessel was filled with 2.1 mL of THF using
a syringe. Once the THF had cooled to -78 ◦C, 810 µL of the starting material solution
was added. Finally, the reaction was initiated with 840 µL of a stock solution of silyl
chloride which was prepared in a 2 mL volumetric flask using 210.3 mg, 0.715 mmol of
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silyl chloride. Overall, the concentrations in mM of alcohol, silyl chloride and catalyst
were: [ROH]: 78.99 [Ph3SiCl]: 80.03 [Cat]: 11.84.
Experiments with “Different Excess” of Silyl Chloride to Alcohol
Trial 1
A stock solution of starting materials was prepared under argon in a 1 mL volumetric
flask using THF as the solvent. The following amounts were utilized: 54.2 mg, 0.366
mmol of (R)-tetralol, 18.7 mg, 0.0915 mmol of levamisole 1.10, 64 µL, 0.367 mmol of
iPr2NEt. The solution was thoroughly mixed under argon by taking the solution into the
dry syringe followed by returning the solution to the volumetric flask under argon. Prior
to addition of starting materials, the reaction vessel was filled with 2.1 mL of THF using
a syringe. Once the THF had cooled to -78 ◦C, 810 µL of the starting material solution
was added. Finally, the reaction was initiated with 840 µL of a stock solution of silyl
chloride which was prepared in a 2 mL volumetric flask using 210.3 mg, 0.715 mmol of
silyl chloride. Overall, the concentrations in mM of alcohol, silyl chloride and catalyst
were: [ROH]: 78.99 [Ph3SiCl]: 80.03 [Cat]: 19.77. The value of excess is the difference
between the concentration of alcohol and silyl chloride, thus [“Excess”]: 1.04 mM.
Trial 2
A stock solution of starting materials was prepared under argon in a 1 mL volumetric
flask using THF as the solvent. The following amounts were utilized: 54.1 mg, 0.365
mmol of (R)-tetralol, 18.7 mg, 0.0915 mmol of levamisole 1.10, 96 µL, 0.551 mmol of
iPr2NEt. The solution was thoroughly mixed under argon by taking the solution into the
dry syringe followed by returning the solution to the volumetric flask under argon. Prior
to addition of starting materials, the reaction vessel was filled with 1.7 mL of THF using
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a syringe. Once the THF had cooled to -78 ◦C, 810 µL of the starting material solution
was added. Finally, the reaction was initiated with 1.25 mL of a stock solution of silyl
chloride which was prepared in a 2 mL volumetric flask using 210.3 mg, 0.715 mmol of
silyl chloride. Overall, the concentrations in mM of alcohol, silyl chloride and catalyst
were: [ROH]: 78.64 [Ph3SiCl]: 118.8 [Cat]: 19.72. The value of excess is the difference
between the concentration of alcohol and silyl chloride, thus [“Excess”]: 40.13 mM.
Trial 3
A stock solution of starting materials was prepared under argon in a 1 mL volumetric
flask using THF as the solvent. The following amounts were utilized: 54.1 mg, 0.365
mmol of (R)-tetralol, 18.7 mg, 0.0915 mmol of levamisole 1.10, 128 µL, 0.735 mmol of
iPr2NEt. The solution was thoroughly mixed under argon by taking the solution into the
dry syringe followed by returning the solution to the volumetric flask under argon. Prior
to addition of starting materials, the reaction vessel was filled with 2.35 mL of THF using
a syringe. Once the THF had cooled to -78 ◦C, 810 µL of the starting material solution
was added. Finally, the reaction was initiated with 590 µL of a stock solution of silyl
chloride which was prepared in a 2 mL volumetric flask using 588.6 mg, 2.0 mmol of
silyl chloride. Overall, the concentrations in mM of alcohol, silyl chloride and catalyst
were: [ROH]: 78.85 [Ph3SiCl]: 157.3 [Cat]: 19.77. The value of excess is the difference
between the concentration of alcohol and silyl chloride, thus [“Excess”]: 78.48 mM.
Trial 4
A stock solution of starting materials was prepared under argon in a 1 mL volumetric
flask using THF as the solvent. The following amounts were utilized: 54.2 mg, 0.366
mmol of (R)-tetralol, 18.7 mg, 0.0915 mmol of levamisole 1.10, 48 µL, 0.275 mmol of
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iPr2NEt. The solution was thoroughly mixed under argon by taking the solution into the
dry syringe followed by returning the solution to the volumetric flask under argon. Prior
to addition of starting materials, the reaction vessel was filled with 2.2 mL of THF using
a syringe. Once the THF had cooled to -78 ◦C, 810 µL of the starting material solution
was added. Finally, the reaction was initiated with 770 µL of a stock solution of silyl
chloride which was prepared in a 2 mL volumetric flask using 588.6 mg, 2.0 mmol of
silyl chloride. Overall, the concentrations in mM of alcohol, silyl chloride and catalyst
were: [ROH]: 78.49 [Ph3SiCl]: 58.98 [Cat]: 19.61. The value of excess is the difference
between the concentration of alcohol and silyl chloride, thus [“Excess”]: -19.51 mM.
Experiment “Same Excess” of Silyl Chloride to Alcohol in Comparison to Trial 2
A stock solution of starting materials was prepared under argon in a 1 mL volumetric
flask using THF as the solvent. The following amounts were utilized: 27.1 mg, 0.183
mmol of (R)-tetralol, 18.7 mg, 0.0915 mmol of levamisole 1.10, 52 µL, 0.299 mmol of
iPr2NEt. The solution was thoroughly mixed under argon by taking the solution into the
dry syringe followed by returning the solution to the volumetric flask under argon. Prior
to addition of starting materials, the reaction vessel was filled with 2.1 mL of THF using
a syringe. Once the THF had cooled to -78 ◦C, 810 µL of the starting material solution
was added. Finally, the reaction was initiated with 835 µL of a stock solution of silyl
chloride which was prepared in a 2 mL volumetric flask using 210.3 mg, 0.715 mmol of
silyl chloride. Overall, the concentrations in mM of alcohol, silyl chloride and catalyst
were: [ROH]: 39.54 [Ph3SiCl]: 79.68 [Cat]: 19.80. The value of excess is the difference
between the concentration of alcohol and silyl chloride, thus [“Excess”]: 40.13 mM.
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Initial Rate Studies: Variation of Base Concentration
1.0 equiv. of Base
A stock solution of starting materials was prepared under argon in a 2 mL volumetric
flask using THF as the solvent. The following amounts were utilized: 108.6 mg, 0.733
mmol of (R)-tetralol, 76.0 mg, 0.372 mmol of levamisole 1.10, 128 µL, 0.735 mmol of
iPr2NEt. The solution was thoroughly mixed under argon by taking the solution into the
dry syringe followed by returning the solution to the volumetric flask under argon. Prior
to addition of starting materials, the reaction vessel was filled with 2.1 mL of THF using
a syringe. Once the THF had cooled to -78 ◦C, 810 µL of the starting material solution
was added. Finally, the reaction was initiated with 840 µL of a stock solution of silyl
chloride which was prepared in a 2 mL volumetric flask using 210.4 mg, 0.715 mmol of
silyl chloride. Overall, the concentrations in mM of alcohol, silyl chloride and catalyst
and base were: [ROH]: 78.14, [Ph3SiCl]: 79.92, [Cat]: 40.2, [Base]: 79.36.

The

experiment was immediately run in duplicate using the same stock solution. IR data was
processed to yield product concentrations according to Beer’s Law. The initial rate was
determined by measuring the slope employing least squares fit to the first 10 % of
reaction conversion (~8 mM) The data was smoothed with a simple 3 pts adjacent
average. Data shown in Figure 4.12 is an average of the two runs. The initial rate for the
two trials was 7.9 and 7.3 mM/min.
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1.2 equiv. of base
A stock solution of starting materials was prepared under argon in a 2 mL volumetric
flask using THF as the solvent. The following amounts were utilized: 108.6 mg, 0.733
mmol of (R)-tetralol, 76.0 mg, 0.372 mmol of levamisole 1.10, 155 µL, 0.89 mmol of
iPr2NEt. The solution was thoroughly mixed under argon by taking the solution into the
dry syringe followed by returning the solution to the volumetric flask under argon. Prior
to addition of starting materials, the reaction vessel was filled with 2.1 mL of THF using
a syringe. Once the THF had cooled to -78 ◦C, 810 µL of the starting material solution
was added. Finally, the reaction was initiated with 840 µL of a stock solution of silyl
chloride which was prepared in a 2 mL volumetric flask using 210.4 mg, 0.715 mmol of
silyl chloride. Overall, the concentrations in mM of alcohol, silyl chloride and catalyst
and base were: [ROH]: 78.14, [Ph3SiCl]: 79.92, [Cat]: 40.2, [Base]: 96.10.

The

experiment was immediately run in duplicate using the same stock solution. IR data was
processed to yield product concentrations according to Beer’s Law. The initial rate was
determined by measuring the slope employing least squares fit to the first 10 % of
reaction conversion (~8 mM) The data was smoothed with a simple 3 pts adjacent
average. Data shown in Figure 4.12 is an average of the two runs. The initial rate for the
two trials was 9.5 and 11.4 mM/min.
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0.75 equiv. of base
A stock solution of starting materials was prepared under argon in a 2 mL volumetric
flask using THF as the solvent. The following amounts were utilized: 108.6 mg, 0.733
mmol of (R)-tetralol, 76.0 mg, 0.372 mmol of levamisole 1.10, 97 µL, 0.551 mmol of
iPr2NEt. The solution was thoroughly mixed under argon by taking the solution into the
dry syringe followed by returning the solution to the volumetric flask under argon. Prior
to addition of starting materials, the reaction vessel was filled with 2.1 mL of THF using
a syringe. Once the THF had cooled to -78 ◦C, 810 µL of the starting material solution
was added. Finally, the reaction was initiated with 840 µL of a stock solution of silyl
chloride which was prepared in a 2 mL volumetric flask using 210.5 mg, 0.715 mmol of
silyl chloride. Overall, the concentrations in mM of alcohol, silyl chloride and catalyst
and base were: [ROH]: 78.14, [Ph3SiCl]: 80.0, [Cat]: 40.2, [Base]: 60.14.

The

experiment was immediately run in duplicate using the same stock solution. IR data was
processed to yield product concentrations according to Beer’s Law. The initial rate was
determined by measuring the slope employing least squares fit to the first 10 % of
reaction conversion (~8 mM) The data was smoothed with a simple 3 pts adjacent
average. Data shown in Figure 4.12 is an average of the two runs. The initial rate for the
two trials was 7.8 and 8.5 mM/min.
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0.5 equiv. of base
A stock solution of starting materials was prepared under argon in a two, 1 mL
volumetric flasks using THF as the solvent. The following amounts were utilized: 54.3
mg, 0.366 mmol of (R)-tetralol, 38.0 mg, 0.186 mmol of levamisole 1.10, 32 µL, 0.116
mmol of iPr2NEt. The solution was thoroughly mixed under argon by taking the solution
into the dry syringe followed by returning the solution to the volumetric flask under
argon. Prior to addition of starting materials, the reaction vessel was filled with 2.1 mL of
THF using a syringe. Once the THF had cooled to -78 ◦C, 810 µL of the starting material
solution was added. Finally, the reaction was initiated with 840 µL of a stock solution of
silyl chloride which was prepared in a 1 mL volumetric flask using 105.1 mg, 0.357
mmol of silyl chloride. Overall, the concentrations in mM of alcohol, silyl chloride and
catalyst and base were: [ROH]: 78.14, [Ph3SiCl]: 79.8, [Cat]: 40.2, [Base]: 39.68. The
experiment was run in duplicate using the aforementioned quantities of reagents. IR data
was processed to yield product concentrations according to Beer’s Law. The initial rate
was determined by measuring the slope employing least squares fit to the first 10 % of
reaction conversion (~8 mM). The data was smoothed with a simple 3 pts adjacent
average. Data shown in Figure 4.12 is an average of the two runs. The initial rate for the
two trials was 6.9 and 9.1 mM/min.
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3.0 equiv of Base
A stock solution of starting materials was prepared under argon in a 1 mL volumetric
flask using THF as the solvent. The following amounts were utilized: 54.3 mg, 0.366
mmol of (R)-tetralol, 37.5 mg, 0.183 mmol of levamisole 1.10, 192 µL, 1.1 mmol of
iPr2NEt. The solution was thoroughly mixed under argon by taking the solution into the
dry syringe followed by returning the solution to the volumetric flask under argon. Prior
to addition of starting materials, the reaction vessel was filled with 2.1 mL of THF using
a syringe. Once the THF had cooled to -78 ◦C, 810 µL of the starting material solution
was added. Finally, the reaction was initiated with 840 µL of a stock solution of silyl
chloride which was prepared in a 2 mL volumetric flask using 210.4 mg, 0.715 mmol of
silyl chloride. Overall, the concentrations in mM of alcohol, silyl chloride and catalyst
and base were: [ROH]: 79.14, [Ph3SiCl]: 80.08, [Cat]: 39.65, [Base]: 238.1.

The

experiment was a single run. IR data was processed to yield product concentrations
according to Beer’s Law. The initial rate was determined by measuring the slope
employing least squares fit to the first 25 % of reaction conversion (~20 mM) as the rate
of data collection was one spectra per 15 seconds. The data was smoothed with a simple
3 pts adjacent average. Data shown in Figure 4.12 is the initial rate for the trial: 8.9
mM/min.
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(S)-methylnaphthylphenylsilyl chloride, (-)-4.9
A 25 mL three necked round bottomed flask was equipped with stir bar, condenser, and
septum. Next, 250 mg, 1.0 mmol of (R)-methylnaphthylphenylsilane (+)-4.8 was added
to the flask, and the vessel was purged with argon. The silane was dissolved in 4 mL of
CCl4 with stirring. After the silane had dissolved completely, 162 µL, 2.0 mmol of
sulfuryl chloride was added via syringe. The solution was brought to reflux for 5 h.
Partial conversion was determined by NMR; therefore, a second addition of 162 µL, 2.0
mmol of sulfuryl chloride was added and the mixture was allowed to reflux 2 additional
hours. NMR analysis indicated complete conversion. The solvent was removed in vacuo
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yielding a pale yellow oil. Trituration from pentane at -78 ºC yielded two crops of desired
product as a white solid, 111 mg and 65 mg, 62% yield total. The level of
enantioenrichment and configuration was determined from comparison of optical rotation
to the literature, [α]25D: -6.4 c = 0.94 pentane, [α]25D: -6.3 c = 4.0 pentane (97% ee, (S)configuration)40. 1H NMR (400 MHz, CDCl3) δ ppm 8.05 (d, J = 8.3 Hz, 1 H), 7.98 (d, J
= 8.3 Hz, 1 H), 7.90-7.86 (m, 2 H), 7.67-7.64 (m, 2 H), 7.53-7.37 (m, 6 H), 1.09 (s, 3 H).
13

C NMR (101 MHz, CDCl3) δ ppm 136.1, 135.5, 135.2, 134.0, 133.4, 131.8, 131.4,

130.5, 129.0, 128.2, 128.1, 126.3, 125.8, 125.0, 2.44. HRMS (EI) Calculated for (M+)
(C17H15ClSi+): 282.0626 Observed: 282.0631. IR (neat, cm-) 1589, 1459, 1428, 1257,
1111, 997.

(S)-methylnaphthylphenylsilyl chloride, (-)-4.9
A 25 mL three necked round bottomed flask was equipped with stir bar, condenser, and
septum. Next, 250 mg, 1.0 mmol of (R)-methylnaphthylphenylsilane (+)-4.8 was added
to the flask, and the vessel was purged with argon. The silane was dissolved in 4 mL of
CCl4 with stirring. After the silane had dissolved completely, the mixture was cooled to 0
ºC in an ice bath. A slow stream of dry chlorine was added to the solution producing a
yellow-green solution in seconds. The solvent and excess chlorine gas was immediately
removed in vacuo.

NMR analysis indicated complete degradation of the silane to

dichloromethylphenylsilane via loss of a naphthyl group.
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A 4 dram vial was equipped with stir bar and septum. In the the vial under a stream of
argon, 74.1 mg, 0.50 mmol of (R)-tetralol, and 25.5 mg, 0.125 mmol of levamisole 1.10
were weighed into the vial. The starting materials were dissolved in 2.1 mL of dry THF.
Base, iPr2NEt, 87 µL was added via syringe and the mixture cooled to -78 ºC in a dry ice/
acetone bath. The reaction was started by addition of 141 mg, 0.50 mmol of (S)methylnaphthylphenylsilyl chloride (-)-4.9 dissolved in 600 µL of THF. The reaction was
monitored by TLC and 1H NMR At 3 h reaction time; both indicated conversion of
<85%. The reaction was quenched with 0.5 mL of methanol and concentrated. The
product was isolated as a colorless oil after purification on column hexanes gradient to
5% EtOAc in hexanes, 173 mg, 88 % yield. The product was obtained as a pair of
diastereomers according to the analytical data; reduction of the silyl group indicated the
major diastereomer was the (R),(RSi) diastereomer. Major Diastereomer: 1H NMR (400
MHz, CDCl3) δ ppm 8.19 (t, J = 9.0 Hz, 1 H), 7.99-7.96 (m, 2 H), 7.90 (d, J = 8.1 Hz, 1
H), 7.70 (m, 2 H), 7.57-7.08 (m, 10 H), 4.94 (dd, J = 12.4, 6.5, Hz 1 H), 2.86-2.77 (m, 1
H), 2.69-2.62 (m, 1 H), 2.08-1.58 (m, 4 H), 0.84 (s, 3 H). Minor Diastereomer: 1H NMR
(400 MHz, CDCl3) δ ppm 8.19 (t, J = 9.0 Hz, 1 H), 7.99-7.96 (m, 2 H), 7.90 (d, J = 8.1
Hz, 1 H), 7.70 (m, 2 H), 7.57-7.08 (m, 10 H), 4.94 (dd, J = 12.4, 6.5, Hz 1 H), 2.86-2.77
(m, 1 H), 2.69-2.62 (m, 1 H), 2.08-1.58 (m, 4 H), 0.83 (s, 3 H). Deconvolution of the
proton NMR spectra singlets at 0.83 and 0.84 indicated the d.r. was 59:41. The carbon
spectrum of all peaks from the mixture of diastereomers is given here.
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13

C NMR (101

MHz, CDCl3) δ ppm 139.1, 139.0, 137.5, 137.1, 137.0, 137.0, 135.3, 135.1, 134.6, 134.4,
134.3, 134.3, 133.4, 130.8, 129.7, 129.1, 128.8, 128.7, 128.4, 127.9, 127.9, 127.2, 125.8,
125.8, 125.7, 125.7, 125.5, 125.5, 125.0. HRMS (EI) Calculated for (M+) (C27H26OSi+):
394.1747 Observed: 394.1742. IR (neat, cm-) 2936, 1505, 1428, 1113, 1070.
In order to determine the configuration at silicon for the major diastereomer the silylether
was reduced using a known procedure.45 A 4 dram vial was fitted with stir bar and
septum. The silyl ether was added, 91 mg, 0.23 mmol and the vessel purged with
nitrogen. The starting material was dissolved in 4 mL of dry CH2Cl2 with stirring and
cooled to -78 ºC in a dry ice/ acetone bath. DIBAL-H, 240 µL, 0.24 mmol was added via
syringe and the mixture was allowed to stir for 1.5 h. the vial was then allowed to warm
to ambient temperature. A second addition of DIBAL-H, 240 µL, 0.24 mmol was made
and the reaction was allowed to proceed overnight since TLC analysis indicated
incomplete conversion. The vial was again cooled to -78 ºC and quenched with 1 mL of
acetone. The was agan warmed to room temperature and aluminum byproduct was
decomposed by addition of 1 mL of concentrated HCl followed by 10 mL of water. The
organic layer was then separated and the aqueous layer extracted (3 x 5 mL) with CH2Cl2.
The combined organic layers were washed with sat. aqueous NaHCO3, sat. aqueous
NaCl, then dried over sodium sulfate. Filtration and concentration gave an oil which was
purified on column using hexanes and eluent. The silane was isolated as a colorless oil,
31.2 mg, 55 % yield. Analysis of the silane on HPLC using OD-H column 1 mL/min
flow rate at 254 nm indicated an e.r. of 56:44 enriched in the (R)-enantiomer.
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A 100 mL flame dried round bottomed flask was fitted with stir bar and septum. Under
argon, 113 mg, 0.45 mmol of (-)-benzotetramisole 1.5 was added to the flask. The vessel
was sealed and the catalyst dissolved in 20.6 mL of dry THF. Base, iPr2NEt, 313 µL, 1.8
mmol and cyclohexanol, 187 µL, 1.8 mmol were added via syringe. The mixture was
cooled to -78 ºC with stirring. The reaction was started by adding 1.9 mL of a 0.94 M
solution of (S)-methylnaphthylphenylsilyl chloride (-)-4.9. Aliquots were removed (2 mL
each) at intervals according to Table 4.1 and analyzed employing NMR and GC-MS.
Conversion could not be determined from these samples. The enantiomers of the product
were thus purified on column employing hexanes gradient to 3% EtOAc in hexanes.
Purified samples possessed the following properties: 1H NMR (400 MHz, CDCl3) δ ppm
8.21 (d, J = 8.2 Hz, 1 H), 7.89 (d, J = 8.2 Hz, 1 H), 7.83-7.80 (m, 2 H), 7.62-7.60 (m, 2
H), 7.47-7.37 (m, 7 H), 3.82-2.75 (m, 1 H), 1.82-1.86 (m, 4 H), 1.50-1.13 (m, 6 H), 0.78
(s, 3 H).

13

C NMR (101 MHz, CDCl3) δ ppm .137.6, 137.0, 134.9, 134.8, 134.2, 133.3,

130.5, 129.5, 129.0, 128.6, 127.8, 125.7, 125.4, 124.9, 71.7, 35.7, 25.6, 24.0, -1.1.
Optical rotation: [α]D25: +3.4 c = 2.6 CHCl3; [α]D25lit: +6.7 c = 1.2 CHCl3.47 Configuration
is (R) at silicon. This conforms to the e.r. as determined by HPLC on OD-H column, 0.4
mL flow rate, λ = 254 nm.
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Table 4.1 Monitoring the Enantioenrichment throughout the Reaction
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Chapter 5 Kinetic Resolution of Secondary Alcohols via Borane Lewis
Acid Catalyzed Silylation
5.1 Introduction and Scope
The goal of the research described in this chapter is to develop a novel enantioselective
methodology based upon kinetic resolution of alcohols.1 The approach of the resolution is
distinctly different from the Lewis base catalyzed2 reactions discussed in previous
chapters. Specifically the work herein describes the use of Lewis acids to facilitate
silylation of alcohols, thiols, and amines with silanes via a Lewis acid catalyzed
dehydrogenative silicon-oxygen coupling reaction.3-5 These couplings are advantageous
as they eliminate the need for extraneous reagents and the only side product formed is
dihydrogen. In order to develop a kinetic resolution based on borane catalyzed silylation
(Scheme 5.1) various stereogenic silanes were synthesized and the stereochemical result
was determined for the reaction. Attempts to determine and expand on a substrate scope
for the resolution are also demonstrated.

Scheme 5.1 Proposed Lewis Acid Catalyzed Kinetic Resolution
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Silylation via chlorosilanes as a protecting group for alcohols is synthetically
ubiquitous in organic chemistry.6 However, this method of protection demonstrates poor
atom economy with the loss of chlorine, utilizes moisture sensitive chlorosilanes, and
results in formation of HCl, a potentially unwanted side product that must be controlled
with a stoichiometric quantity of base. An alternate method of silylation has been well
developed based upon commercially available and stable silanes. In these reactions,
Lewis acids have been shown to produce an electrophilic organosilane via activation of
the silicon hydrogen bond. This activated species has been successfully utilized in the
hydrosilylation of a variety of functional groups: alcohols and thiols are silylated cleanly
via this method. Appealingly, gaseous dihydrogen is the only side product.3
Appealingly, a commercially available Lewis acid, B(C6F5)3 has been employed
to activate a silicon hydrogen bond via activation of the hydrogen-silicon bond. The
activated silane is electrophilic enough to prompt immediate silylation of alcohols with
simultaneous reduction to yield dihydrogen. The mechanism (Figure 5.1) for alcohol
protection is well understood7 and begins with free B(C6F5)3 entry into the catalytic cycle.
The observed reaction rate has been demonstrated to be dependent upon the Keq between
Lewis acid-substrate complexation and free B(C6F5)3. The species 5.1 of the borane
catalyst complexed with the alcohol is readily isolatable owing to the Lewis acidity of the
catalyst.
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Figure 5.1 Detailed Mechanism for Borane Catalyzed Silicon-Oxygen Couplings

Once free, B(C6F5)3 complexes to the hydride from the silane to yield a highly
electrophilic silyl species 5.2. The alcohol is then silylated via an SN2 reaction at silicon
depicted as species 5.3. Species 5.2 and 5.3 are not only unrecoverable, but they are also
unobservable via 1H,

19

F, or

29

Si NMR. This is indicative of the high reactivity of the

electrophilic silane 5.2. Experimental support for the active species 5.2 includes near
perfect inversion of stereochemistry at silicon due to the apparent SN2 reaction with the
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alcohol substrate. This result has been further corroborated by DFT studies that place the
LUMO along the silicon-hydrogen bond.3, 7 A recent study utilizing stereogenic silanes in
hydrosilylations of prochiral ketones demonstrated the reaction proceeds with 97%
inversion of stereochemistry.8 Additionally, an experiment in the presence of half an
equivalent of a deuterium labeled achiral silane resulted in scrambling yet maintained
stereochemistry at silicon.7 Likewise, no racemization at silicon would be expected for
the borane catalyzed silylation of alcohols. Indeed, a recent study has indicated near
perfect inversion of stereochemistry at silicon in a reaction utilizing a stereoenriched
silane.9

Figure 5.2 Diastereomeric Transition States in the Borane Catalyzed Silylation

With the mechanism firmly established for borane catalyzed dehydrogenative
silicon oxygen coupling the method of kinetically resolving a racemic alcohol was
envisioned (Scheme 5.1). Since the silylation proceeds through an SN2 transition state
after activation of the silane by the borane catalyst7, a chiral silane is hypothesized to
produce the energy differences required for an efficient kinetic resolution. A siliconstereogenic silane10-11 is presumed to affect selectivity for these transformations due to
the proximity of the silicon to the approaching alcohol.8 Since the approaching alcohol
and silane both contain stereocenters, the products and transition state to product are both
inherently diastereomeric. Significant differences in energy between the two
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diastereomeric transition states, 5.3 and 5.4, (Figure 5.2) would correlate directly to the
selectivity factor (Equation 1.2).12
5.2 Preliminary Data
First, the reaction conditions were probed to include the silyl source, solvent and
substrates. Chromanol was selected as a suitable substrate for the initial reactions,
because of its high selectivity in our previously reported silylation-based kinetic
resolution.13 Achiral triphenylsilane was used as the silane source for these initial studies
since it was commercially available. The protection of alcohols via silylation is inherently
moisture sensitive. A simple experiment using toluene dried via passage through
activated alumina columns was compared against the same solvent dried over CaH2
followed by fractional distillation. As evident in Table 5.1, Entries 1 and 2 an additional
drying step is clearly required for solvents utilized in the reaction. Reactions occurring
with significant moisture content result in formation of unwanted hexaphenyldisiloxane
presumably via reaction with the silanol formed from the water present. Additionally
attempts to prepare the silyl ether with another dried solvent, CH2Cl2, previously utilized
in an alternate procedure for these silicon-oxygen coupling was unsuccessful (Table 5.1
Entry 3). With the reaction successfully reproduced in our laboratory (Entry 2), we next
focused our attention on asymmetric silane sources for use in the silylation reaction.
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Table 5.1 Initial Conditions for the Lewis Acid Catalyzed Silylation

a

Conversion determined by 1H NMR. bAdditional drying step employed

5.3 Synthesis of Stereogenic Silanes
There are no chiral silanes commercially available, thus all require synthetic
preparation. Recent literature has reported several synthetic routes for obtaining chiral
silanes. Two classifications are currently known: silanes stereogenic at silicon10, 14 and
silanes that are achiral at silicon but have chiral substituents.15 Both classes of chiral
silanes were synthesized and utilized in initial investigations.
An initial synthetic goal was silane 5.5. The starting material (S)-BINOL 5.5 is
commercially available and was utilized to yield the chiral silane over a five step
synthesis with 7.1% overall yield (Scheme 5.2).15-16 The triflate group is installed on 5.5
with triflic anhydride in presence of pyridine to yield 5.6 in excellent yield. With the
appropriate triflate leaving groups installed, a nickel catalyzed Kumada coupling with
methylmagnesium

bromide

yielded

the

dimethyl

substituted

binaphthyl

5.7.

Deprotonation of the benzylic protons with n-butlylithium-tetramethylethane diamine
(TMEDA) and subsequent substitution of trimethoxymethylsilane afforded the methoxy
silane 5.8. A reduction of 5.8 using diisobutylaluminum hydride (DIBAL-H) afforded the
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desired stereoenriched silane 5.9. The stereoenriched silane is not stereogenic at silicon;
therefore, the preparation of chiral silanes possessing stereocenters at silicon was next
targeted.

Scheme 5.2 Synthesis of a Stereoenriched Silane from (S)-BINOL

Efforts to synthesize and determine the selectivity of chiral silanes with
asymmetry at the silicon atom are paramount to this study and could be more
enantioselective in the proposed resolution. Various chiral at silicon silanes were
synthetically prepared in order to effectively determine the functionality required to
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induce chirality in the dehydrogenative coupling reaction. Silanes rac-4.8 rac-5.11, and
rac-5.12 were all prepared from reaction between one equivalent of the corresponding
Grignard reagent and dimethoxymethylphenyl or dichloromethylphenylsilane (Scheme
5.3).17 Silane rac-4.8 was prepared from the dimethoxy silane whereas the others rac5.11, and rac-5.12 utilized the commercially available dichlorosilane. Reactions bearing a
chloro leaving group were not isolated after the Grignard due to the reactivity of
chlorosilanes. Intermediate 5.10 was reduced in one pot in this case. All silanes were
reduced after the substitution with lithium aluminum hydride (LiAlH4) in refluxing THF.

Scheme 5.3 Synthesis of Stereogenic at Silicon Silanes

In addition to the three silanes prepared in Scheme 5.3, we also desired to prepare
silanes possessing even more sterically demanding groups than the isopropyl group in
5.12. The added sterics of the tert-butyl group were presumed to be close enough to the
stereogenic center and thus site of inversion to provide a response in diastereoselectivity
(rac-5.13).

This

sterically

demanding
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silane

was

prepared

from

dichloromethylphenylsilane in a one pot substitution-reduction method employing tertbutyl lithium as the nucleophile to displace a chloro leaving group. The intermediate was
immediately reduced with LiAlH4 to yield the desired silane in 78% overall yield
(Scheme 5.4).
Next, a cyclic, chiral silane was targeted for preparation. In transition metal
catalyzed hydrosilylation and dehydrogenative silicon-oxygen couplings, cyclic silanes
such as rac-5.15 have produced useful selectivities in kinetic resolutions such as those
discussed in chapter 1. Oestreich and coworkers previously employed cyclic silane (R)5.15 (>99% ee) in the related B(C6F5)3 hydrosilylation of prochiral ketones and produced
moderate enantiomeric excess (up to 38% ee).8 A method to prepare these silanes in two
steps from commercially available starting materials was attempted.18 The synthesis
began with Grignard formation from commercially available ortho-allylbromobenzene.
The Grignard was then added to a solution of yttrium (III) chloride and methyl lithium to
facilitate metal insertion. Finally, phenylsilane was added to cause ring closure in
refluxing THF. Unfortunately, the yttrium catalyzed ring closure product from the allylic
Grignard 5.14 was never observed after several trials (Scheme 5.5).

Scheme 5.4 Preparation of Sterically Hindered tert-butylmethylphenylsilane
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Scheme 5.5 Cyclic Silanes via a Two-Step Protocol

These silanes were prepared in racemic form to determine the reactivity and
diastereoselectivity in subsequent Lewis acid catalyzed resolutions. The diastereomeric
ratios of the silyl ethers formed, via reaction of racemic silanes with racemic alcohols,
have been demonstrated to predict the selectivity in subsequent kinetic resolutions
(Scheme 5.6).19 Pathways A/B and C/D are in fact enantiomeric and proceed at the same
rate when both the silane and alcohol are racemic. These two combined pathways are
diastereomeric and is the diastereomeric ratio after reaction completion. It is the ratio of
these rates (For example. k2 and k3, Scheme 5.6) that have been utilized to predict
selectivity factor in non-racemic reactions. Thus, the racemic silanes were utilized
without enantioenrichment which is a distinct advantage for our initial reaction
investigations.
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Scheme 5.6 Use of Racemic Silanes in Initial Investigations

5.4 Substrate Scope Investigations
With a variety of silanes in hand, the scope of compounds amenable to silylation
was explored. The initial substrate scope for alcohols was limited to heterocyclic,
benzylic and propargylic alcohols. This substrate testing process began by utilizing the
silane (S)-5.9 and rac-4.8 (Table 5.2, Entries 1-4) and racemic 4-chromanol. The chiral
silane 5.9 was utilized as the only stereoenriched reagent using the conditions in Table
5.2. No product formation was evident via 1H NMR for the substrates tested presumably
due to the steric demands of the silane (Entries 1-3). Extended reaction times did not
result in product formation. (Entry 2) The heterocyclic alcohol would not convert even
under forcing conditions (Table 5.2, Entry 4). Instead, only degradation products of the 4chromanol were isolated, which was indicative of Lewis acid mediated ring opening.
However, a clear advantage over more reactive silyl chlorides is the recyclability of
silanes. Unreacted silane for each run was easily recovered, purified and reused in
subsequent studies.
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We next focused on other alcohols to test in the reaction to include propargylic
alcohols and more simple benzylic alcohols the later was presumed to be less likely to
degrade under Lewis acid catalysis. Investigations of propargylic alcohols and (S)- 5.9
resulted in no silyl ether formation. The failure of this silane to convert despite other silyl
ethers forming more regularly led to (S)-5.9 being abandoned as a viable silane in the
transformation. The two propargylic alcohols converted more readily with both rac-4.8
and 5.11, but demonstrated poor diastereoselectivity with rac-4.8 as the silane source.
(Table 5.2, Entries 6 and 8) The diastereomeric ratios for products of a propargylic
alcohol and rac-5.11 could not be resolved via 1H NMR or GC/MS (Table 5.2, Entry 7).
A propargylic alcohol possessing bearing a terminal trimethylsilyl group failed to convert
under similar conditions with rac-5.6 (Table 5.2, Entry 8). When a simple benzylic
alcohol, 1-phenylethanol, was tested the reaction also resulted in poor diastereoselectivity
employing rac-4.8. Employing more bulky silanes 5.11 and 5.13 (Entry 10 and 11) also
resulted in poor conversions. Overall, sterically demanding silanes and substrates failed
to form silyl ethers under these general reaction conditions.
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Table 5.2 Borane Lewis Acid Catalyzed Silylation of Alcohols

a

Conversion determined via 1H NMR; Isolated yields shown in parenthesis.
Diastereomeric ratios determined from 1H NMR. cDiastereomeric ratio could not be
determined from NMR or GC-MS analysis.
b
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Table 5.3 Further Investigations: Results with Alternate Nucleophiles

a

Conversion determined by 1H NMR.

Research endeavors next focused on substrates other than the alcohols tested
previously. Alternate functional groups attempted included thiols and amines. Chiral
thiols have been utilized as precursors to valuable catalysts for asymmetric synthesis,
however very few studies have successfully produced these enantiopure compounds. 20-21
Recently, silanes in presence of B(C6F5)3 have cleanly silylated thiols. Additionally, the
sulfur silicon bond formed in these reactions proved resilient to hydrolysis and
solvolysis.3 We also hypothesized thiols would be less willing to form a complex with the
catalyst. The commercially available methylphenyl mercaptan was tested with silanes 4.8
and 5.13 as the silyl sources (Table 5.3, Entries 1-3). These reactions failed to form
silicon-sulfur dehydrogenative coupling products. A primary amine, 1-phenylethylamine,
was examined with triphenyl silane as the silyl source; however, no product was observed
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(Table 5.3, Entry 4). Poor reactivity of amines in the dehydrogenative coupling are most
likely due to the strong complexation observed between amines and the B(C6F5)3
catalyst.22
5.5 Conclusions and Outlook
Generally, these experiments demonstrate a reaction that is not reproducible or
general across the substrate scope examined. This is most likely a result of substrate
dependence represented by the Keq between complex 5.1 and free catalyst. The stability
of this complex most likely varies widely based upon substrate; therefore, the reactions
are highly substrate sensitive. In addition to the problem of generality, the chiral silane
may not be the best source of chirality in the SN2 transition state. The inversion process at
silicon in the mechanism would cause the stereocenter to become more planar and less
able to affect the approach of chiral nucleophiles. An alternate approach to a borane
catalyzed resolution employing a stereoenriched borane catalyst, has recently been
explored.23 When a bulky borane bearing chiral appendages is utilized a silicon-oxygen
coupling with diphenylmethylsilane a non-enantioselective reaction is observed (Scheme
5.8).
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Scheme 5.7 Asymmetric Silicon-Oxygen Coupling Catalyzed by an Axillary Chiral
Borane

The borane catalyst B(C6F5)3 has been demonstrated to be far more useful in the
hydrosilylation of π bonds including carbonyls, alkenes and imines.3, 7 Overall, the results
for this approach to the enrichments of alcohol, thiols, or amines do not demonstrate the
promising results needed to warrant further investigation.

5.6 Experimental
General Information
All reactions were carried out in oven-dried glassware under nitrogen or argon.
Molecular sieves were activated in an oven at 175 ºC at least 24 h prior to use.
dichloromethane (CH2Cl2), tetrahydrofuran (THF), diethyl ether, and methanol were
degassed and passed through a column of activated alumina prior to use. Toluene utilized
in kinetic resolutions was passed through a column of activated alumina followed by
drying over CaH2 and fractional distillation. The thus obtained toluene was stored over 4
angstrom molecular sieves in a desiccator until ready for use. Unless otherwise stated, all
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reagents or starting materials were obtained from Aldirch, Acros, TCI, or Alfa Aesar and
used without further purification. 1H NMR was taken on a Varian Mercury/ VX (300
MHz or 400 MHz). 13C NMR spectra were taken on a Varian Mercury/ VX (100 MHz).
Gas Chromatography/ Mass spectrometry (GC/MS) was submitted to and conducted by
the Department of Chemistry and Biochemistry mass spectrometry facility at the
University of South Carolina.
Synthesis of chiral silane, 5.9
Silane (S)-5.9 was synthesized via a method similar to the literature reference.15
Commercially available (S)-BINOL 5.5 was utilized as starting material in place of the
starting material in the reference.
(S)-Bistriflate 5.6
(S)-BINOL (2.2 g, 8 mmol) was dissolved in 20 mL of dichloromethane in an oven dried
100 mL round bottom flask fitted with septum. Freshly distilled pyridine (2.25 mL, 3.5
mL) was added via syringe with stirring. Triflate anyhydride (2.8 mL, 2.1 mmol) was
handled under Argon and added to the reaction mixture at 0 ºC dropwise. The yellow
solution was allowed to warm to room temperature and stirred an addition 3 h. A white
precipitate formed. The salts were filtered off and the solvent removed via rotary
evaporation. The residue was dissolved in ethyl acetate and washed with 5% HCl
followed by sat. NaHCO3 and brine. The organic layer was then dried over Na2SO4.
Volatiles were removed under rotary evaporation to yield a viscous yellow oil. The crude
oil was purified via flash chromatography (hexanes) to yield 4.14 g, 75 % of (S)bistriflate as a white solid. 1H NMR (300 MHz CDCl3):  = 7.25- 7.28 (m, 3 H), 7.407.45 (t, 2 H), 7.57-7.65 (m, 3 H), 8.01- 3.03 (d, 2 H), 8.14- 8.17 (d, 2 H).
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(S)-2-2’-dimethyl-1-1’-binaphthalene 5.7
(S)-Bistriflate 5.6 (4.1 g, 7.4 mmol) was dissolved in 30 mL of diethyl ether in an oven
dried three necked flask fitted with septum, condenser and stir bar. The NiCl2 dppp (201
mg, 0.372 mmol, 5 mol %) was weighed under N2 and added directly to the flask. The
mixture was cooled to 0 ºC and 14.9 mL of a 3.0 M solution in ether of MeMgBr was
added slowly via gastight syringe. The yellow solution was then warmed to room
temperature then brought to a gentle reflux for 24 h. The resulting black solution was
cooled to 0 ºC and the reaction was quenched by careful addition of deionized water
followed by 10 mL of a 10% HCl solution. The organic layer was then separated and the
aqueous layer was extracted three times with diethyl ether. The volatiles were removed
via rotary evaporation to yield a yellow oil. The crude oil was purified on a column
(hexanes) to yield the pure product as a white solid, 877 mg, 42%. 1H NMR (300 MHz
CDCl3):  = 2.0 (s 6 H), 7.04-7.07 (d, 2H), 7.19-7.25 (t, 2 H), 7.37-7.43 (t, 2 H), 7.507.54 (d, 2H), 7.87-7.92 (m, 4 H).

(S)- 4-methoxy-4-methyl-4,5-dihydro-3H-dinaphtho[2,1-c:1',2'-e]silepine 5.8
A 250 mL oven dried round bottom flask was equipped with stir bar and septum. 500 mg
of (S)-2-2’-dimethyl-1-1’-binaphthalene 5.7 was added and dissolved in 50 mL of diethyl
ether with stirring. Tetramethylethanediamine (TMEDA, 644 L, 4.32 mmol) was added
via syringe. The solution was then cooled to 0 ºC and n-BuLi in hexanes (2.54 mL, 1.7
M, 4.32 mmol) was added dropwise. The solution was then allowed to warm to room
temperature and stirred for 2 days obtaining a red-brown coloration. An additional 10 mL
of diethyl ether was added to dissolve remaining precipitates. The solution was then
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cooled to 0 ºC and methyltrimethoxysilane (652 L, 4.57 mmol) was added neat drop
wise. The reaction was again allowed to warm to room temperature and allowed to stir 4
days. The solution obtained a grey coloration. The reaction was then carefully quenched
by addition of 10 mL of NH4Cl at 0 ºC. The organic layer was removed and the aqueous
layer was then extracted three times with diethyl ether. The organic layers were combined
washed with brine and dried over Na2SO4. Removal of volatiles under rotary evaporation
yielded a yellow oil. The crude mixture was purified on a gradient column of hexanes, 3
% diethyl ether: 97 % hexanes. 201 mg of starting material is recovered in initial
fractions. The desired product was recovered after increased polarity as a white solid, 175
mg, 27.9 %. 1H NMR (400 MHz CDCl3):  = 0.03 (s, 3H), 1.77-1.81 (d, 1 H), 1.98-2.01
(d, 1H), 2.08- 2.14 (m, 2H), 3.31 (s, 3 H), 6.99-7.16 (m, 4H), 7.27-7.33 (m, 3 H), 7.397.42 (d, 1H), 7.74- 7.79 (m, 4 H).

(S)-methoxy silane 5.8 (175 mg, 0.494 mmol) is added to an oven dried 4 dram vial
fitted with stir bar and septum. The solid was then dissolved in 5 mL of dichloromethane.
The solution was then cooled to -78 ºC in a dry ice/ acetone bath. DIBAL-H (1.0 mL, 1.0
mmol, 1 M in toluene) was then added drop wise with stirring. The reaction was then
allowed to warm to room temperature and stirred 12 h. The solution was cooled to 0 ºC
and quenched by addition of acetone. After transfer to a separatory funnel, the emulsion
formed was broken up by addition of 1 M HCl. The organic layer was separated and the
aqueous layer was washed with diethyl ether three times. The organic layers were
combined and washed with NaHCO3, brine, and dried of Na2SO4. Volatiles were
removed under rotary evaporation and the colorless oil was further purified by passage

287

through a pad of silica gel with hexanes. The desired chiral silane (S)-5.9 was thus
acquired as a white solid after removal of volatiles, 93 mg 53.9 %. 1H NMR (300 MHz
CDCl3):  = 0.13-0.14 (d, 3 H), 1.82-1.88 (q, 1 H), 1.94-1.98 (d, 1 H), 2.08- 2.17 (t, 2 H),
7.11-7.22 (m, 4 H), 7.36-7.48 (m, 4 H), 7.85-7.91 (t, 4 H). MS (ESI) [M+] = 324

Synthesis of Racemic Asymmetrically Substituted Silanes- General Procedure
The synthesis of rac-4.8, 5.11 and 5.12 follow a similar procedure. The electrophile
dimethoxy and dichloromethylphenyl silane affords the desired products following the
procedure outlined in Scheme 5.5. The procedure for the preparation of 4.8 is shown
below and is shown as a representative procedure.
Dimethoxymethylphenyl silane
The starting material for many racemic silanes was prepared from dichloromethylphenyl
silane. A 100 mL round bottom flask fitted with septum and stir bar was charged with 15
mL of methanol and followed by 3.04 mL (21.9 mmol) of freshly distilled triethylamine.
The solution was then cooled to 0 oC with stirring and 1.7 mL (10.45 mmol)
dichloromethylphenyl silane was handled under Nitrogen and added to the flask carefully
via syringe. The solution was allowed to warm to room temperature and stirred for 4 h.
Hexanes was then added to the reaction mixture and the resulting mixture transferred to a
separatory funnel. The organic layer was separated and the methanol/ amine layer was
washed with hexanes three times. The organic layers were combined and removed of
volatiles via rotary evaporation to yield a yellow liquid. The crude liquid was passed
through a pad of silica gel with dichloromethane to yield the title compound as a clear
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colorless liquid, 1.91g 63.2%. 1H NMR (300 MHz CDCl3):  = 0.0 (s, 3 H), 3.21 (s, 6 H),
7.02-7.04 (m, 3 H), 7.25-7.27 (d, 2 H).

methoxymethylnaphthylphenyl silane
Mg turnings (219.7 mg, 9.04 mmol) were thermally and mechanically activated in a
nitrogen flushed 25 mL three-necked round bottom flask fitted with stir bar, septa and
condensor. Toluene (0.26 mL), diethyl ether (0.53 mL) and tetrahydrofuran (0.26 mL)
was added to the turnings with vigorous stirring. Freshly distilled 1-bromonaphthalene
(1.14 mL, 8.22 mmol) was added dropwise. Once the reaction had initiated the dark
brown mixture was heated to reflux for 15 min. The grignard was then cooled to room
temperature. Dimethoxymethylphenyl silane (1.5 mL, 8.22 mmol) was added neat and
the reaction was heated to reflux for 12 h. The mixture was then cooled to 0 oC and
quenched slowly with sat. NH4Cl. Diethyl ether was added and the mixture transferred to
a separatory funnel. The organic layer was removed and the aqueous layer was washed
with diethyl ether three times. The organic layers were combined, washed with water and
brine then dried of Na2SO4. Volatiles were removed via rotary evaporation to yield a
green oil. The crude oil was passed through a column using 1% diethyl ether to 99%
hexanes to yield a pale green solid. The solid was then recrystallized three times from
cold pentane to yield the pure product as a white solid, 845 mg 36.9 %. 1H NMR (300
MHz CDCl3):  = 0.80 (s, 3 H), 3.58 (s, 3 H), 7.37-7.48 (m, 6 H), 7.61-7.64 (d, 2 H),
7.77-7.79 (m, 3 H), 8.15-8.18 (d, 1 H).
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Methylphenylnaphthyl silane, rac-4.8:
Methoxymethylnaphthylphenyl silane (150 mg, 0.54 mmol) was added to a 15 mL round
bottom flask fitted with stir bar and septum. The flask was then charged with 8 mL of
dichloromethane. The solution was then cooled to -78 ºC in a dry ice/ acetone bath and
550 L of diisobutylaluminum hydride (DIBAL-H, 1.0M) in toluene was added slowly.
The reaction was allowed to warm to room temperature and a second addition of DIBALH (550 L, 1.0 M) was made. The reaction was allowed to stir for 12 h. The reaction
vessel was again cooled to -78 ºC and quenched with acetone. The reaction mixture was
then transferred to a separatory funnel and the emulsion was broken up with 1 mL of
concentrated HCl followed by water ~10 mL. The aqueous layer was washed three times
with diethyl ether and the organic layers combined. The organic layers were then washed
with NaHCO3, brine, and dried over Na2SO4. Removal of volatiles by rotary evaporation
yielded a clear colorless oil. The desired product was further purified by passage through
a pad of silica gel with hexanes to yield a clear colorless oil that solidified to a white solid
upon freezing, 115.3 mg, 86 %. 1H NMR (300 MHz CDCl3):  = 0.77- 0.79 (d, 3H), 5.365.40 (q, 1 H), 7.34-7.51 (m, 6 H), 7.58-7.61 (d, 2 H), 7.75-7.77 (d, 1 H), 7.87-7.95 (m, 2
H), 8.07-8.09 (d, 1 H). MS (ESI): [M+]: 248.

(4-(tert-butyl)phenyl)(methyl)(phenyl)silane, rac-5.11:
Mg turnings (190mg, 1.6 equiv.) were activated by stirring vigorously under argon 6h in
an oven dried three-necked flask fitted with oven dried condenser and septa. The
magnesium was then covered with THF and 4-tert-butylphenyl-1-bromide was added
neat (850 µL) dropwise with stirring. Once the reaction had initiated, the solution was
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heated to reflux for 1h. The black solution was then cooled to 0 ºC and
dichloromethylphenylsilane (4.9 mL, 1.0 M in THF) was added dropwise. The solution
was again heated to reflux for 18 h. The solution was then cooled to 0 ºC and LiAlH4
(123 mg, 0.67 equiv.) was added directly under a funnel of nitrogen. The reaction was
then heated to reflux for 18 h. The LiAlH4 was carefully quenched with ethyl acetate at 0
ºC. The solution was then added to a separatory funnel half filled with crushed ice and 2
mL of concentrated HCl. The organic layer was removed and the aqueous layer was
washed three times with diethyl ether. The organic layers were combined, washed with
sat. NaHCO3, brine, and then dried over Na2SO4. The solvent was removed and the crude
mixture purified via flash chromatography (hexanes) to yield 875 mg of rac-5.13 as a
clear colorless liquid, 67.3%. 1H NMR (300 MHz CDCl3):  = 0.77-0.79 (m, 3 H), 1.461.49 (m, 9 H), 5.11-5.13 (q, 1 H), 7.48-7.66 (m, 5 H), 7.68-7.76 (m, 4 H). 13C NMR:  = 4.9, 31.2, 34.6, 124.9, 127.9, 129.4, 131.7, 134.7, 135.5, 152.4. MS (ESI): [M+]: 254.

General procedure for borane catalyzed silicon oxygen couplings with chiral silanes2
The reaction of 1-phenyl-3-propyn-1-ol utilizing rac-4.8 is typical. An oven dried 1 dram
vial is equipped with septum and stir bar. The vial is then charged with silane (1.0 equiv.,
49.6 mg, 0.2 mmol) followed by addition of (40.8 mg, 42.5 L, 0.2 mmol) of the alcohol
via syringe. The vial was then evacuated and purged with Argon by fitting the vial with a
balloon. The mixture was then dissolved in 1 mL of toluene with stirring. 10.2 mg, 0.02
mmol of the B(C6F5)3 catalyst was added via gas tight syringe as a 0.2 M solution in
toluene. This solution was prepared immediately prior to use. Gas evolution and color
change from clear colorless to yellow was clearly evident. The vial was left to stir 12 h at
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room temperature. A small sample was removed via syringe and removed of volatiles
under vacuum. The crude mixture was analyzed via 1H NMR indicating 59.7 %
conversion based on the geminal protons to the alcohol and silyl ether at  = 5.15 and
6.16 respectively. Diastereomeric ratio was estimated to be 53.3: 46.7 based on
integration of baseline separated peaks at =2.53 and 5.53. The reaction mixture was then
passed through a pad of silica gel with dichloromethane to remove the catalyst. The
volatiles were removed via rotary evaporation followed by high vacuum. The crude
mixture is then purified on column using hexanes and dichloromethane (4:1) to yield the
protected alcohol as a yellow oil, 16.2 mg, 21.4 %. GC/MS analysis unsuccessfully
separated the diastereomeric mixture.

292

5.7 References

1.

Keith, J. M.; Larrow, J. F.; Jacobsen, E. N. Practical Considerations in Kinetic Resolution

Reactions. Adv. Synth. Catal. 2001, 343, 5.
2.

Denmark, S. E.; Beutner, G. L. Lewis Base Catalysis in Organic Synthesis. Angew.

Chem., Int. Ed. 2008, 47, 1560.
3.

Blackwell, J. M.; Foster, K. L.; Beck, V. H.; Piers, W. E. B(C6F5)3-Catalyzed Silation of

Alcohols: A Mild, General Method for Synthesis of Silyl Ethers. J. Org. Chem. 1999, 64, 4887.
4.

Rendler, S.; Auer, G.; Oestreich, M. Kinetic Resolution of Chiral Secondary Alcohols by

Dehydrogenative Coupling with Recyclable Silicon-Stereogenic Silanes. Angew. Chem., Int. Ed.
2005, 44, 7620.
5.

Klare, H. F. T.; Oestreich, M. Chiral Recognition with Silicon-Stereogenic Silanes:

Remarkable Selectivity Factors in the Kinetic Resolution of Donor-Functionalized Alcohols.
Angew. Chem., Int. Ed. 2007, 46, 9335.
6.

Greene, T. W.; Wuts, P. G. M., Protective Groups in Organic Synthesis. 3 ed.; John

Wiley and Sons: New York, USA, 1999.
7.

Piers, W. E.; Marwitz, A. J. V.; Mercier, L. G. Mechanistic Aspects of Bond Activation

with Perfluoroarylboranes. Inorg. Chem. 2011, 50, 12252.
8.

Hog, D. T.; Oestreich, M. B(C6F5)3-Catalyzed Reduction of Ketones and Imines Using

Silicon-Stereogenic Silanes: Stereoinduction by Single-Point Binding. Eur. J. Org. Chem. 2009,
2009, 5047.
9.

Shinke, S.; Tsuchimoto, T.; Kawakami, Y. Stereochemistry in Lewis Acid-Catalyzed

Silylation of Alcohols, Silanols, and Methoxysilanes with Optically Active Methyl(1naphthyl)phenylsilane. Silicon Chem. 2007, 3, 243.

293

10.

Oestreich, M. Silicon-Stereogenic Silanes in Asymmetric Catalysis. Synlett 2007, 2007,

1629.
11.

Sommer, L. H.; Frye, C. L.; Parker, G. A.; Michael, K. W. Stereochemistry of

Asymmetric Silicon. I. Relative and Absolute Configurations of Optically Active αNaphthylphenylmethylsilanes. J. Am. Chem. Soc. 1964, 86, 3271.
12.

Kagan, H. B.; Fiaud, J. C., In Topics in Stereochemistry, L., E.; Wilen, S. H., Eds. John

Wiley and Sons: 1988; pp 249.
13.

Sheppard, C. I.; Taylor, J. L.; Wiskur, S. L. Silylation-Based Kinetic Resolution of

Monofunctional Secondary Alcohols. Org. Lett. 2011, 13, 3794.
14.

Corriu, R. J. P.; Guérin, C.; Moreau, J. J. E., Stereochemistry at Silicon. In Topics in

Stereochemistry, John Wiley & Sons, Inc.: 1984; Vol. 15, pp 43.
15.

Johannsen, M.; Jørgensen, K. A.; Helmchen, G. Synthesis and Application of the First

Chiral and Highly Lewis Acidic Silyl Cationic Catalyst. J. Am. Chem. Soc. 1998, 120, 7637.
16.

Jung, M. E.; Hogan, K. T. Chirality Transfer from Silicon to Carbon: Use of Optically

Pure Cyclic Silanes with a Binaphthalene Chiral Unit. Tetrahedron Lett. 1988, 29, 6199.
17.

Larson, G. L.; Torres, E. Asymmetric Induction by Chiral Silicon Groups. J. Organomet.

Chem. 1985, 293, 19.
18.

Oestreich, M.; Königs, C. Shortened Synthesis of a Silicon-Stereogenic Cyclic Silane.

Synthesis 2011, 2011, 2062.
19.

Rendler, S.; Plefka, O.; Karatas, B.; Auer, G.; Fröhlich, R.; Mück-Lichtenfeld, C.;

Grimme, S.; Oestreich, M. Stereoselective Alcohol Silylation by Dehydrogenative Si–O
Coupling: Scope, Limitations, and Mechanism of the Cu–H-Catalyzed Non-Enzymatic Kinetic
Resolution with Silicon-Stereogenic Silanes. Chem. – Eur. J. 2008, 14, 11512.
20.

Strijtveen, B.; Kellogg, R. M. Synthesis of (Racemization Prone) Optically Active Thiols

by SN2 Substitution Using Cesium Thiocarboxylates. J. Org. Chem. 1986, 51, 3664.

294

21.

Peschiulli, A.; Procuranti, B.; O' Connor, C. J.; Connon, S. J. Synergistic Organocatalysis

in the Kinetic Resolution of Secondary Thiols with Concomitant Desymmetrization of an
Anhydride. Nat. Chem. 2010, 2, 380.
22.

Mountford, A. J.; Lancaster, S. J.; Coles, S. J.; Horton, P. N.; Hughes, D. L.; Hursthouse,

M. B.; Light, M. E. Intra- and Intermolecular N−H···F−C Hydrogen-Bonding Interactions in
Amine Adducts of Tris(pentafluorophenyl)borane and -alane. Inorg. Chem. 2005, 44, 5921.
23.

Mewald, M.; Fröhlich, R.; Oestreich, M. An Axially Chiral, Electron-Deficient Borane:

Synthesis, Coordination Chemistry, Lewis Acidity, and Reactivity. Chem. – Eur. J. 2011, 17,
9406.

295

